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FOREWORD 


The  publication  of  a  series  of  handbooks  on  the  performance 
testing  and  evaluation  of  all  types  of  Air  Force  aircraft  is  planned 
by  the  Flight  Research  Division,  Air  Force  Flight  Test  Center. 

This  handbook  has  been  issued  as  an  interim  measure  to  provide 
assistance  to  flight  test  personnel  pending  publication  of  the  new 
series  of  handbooks.  Chapters  I  and  III  of  the  original  Technical 
Report  Number  6273  have  been  replaced  by  AFFTC  Technical 
Notes  59-22  and  59-47.  These  technical  notes  are  on  airspeed, 
altitude  and  temperature  measurement,  and  turbojet  engine 
performance.  They  represent  updated  and  improved  versions 
of  the  original  contents  of  TR  Number  6273. 

As  a  matter  of  expediency,  the  numbering  of  charts,  figures, 
and  equations  in  the  technical  notes  has  been  retained.  This  has 
led  to  incons istenr  /  in  the  numbering  system,  but,  since  appropriate 
references  in  the  text  have  been  changed,  it  is  felt  that  no  confusion 
will  result. 

The  United  States  Standard  Atmosphere  used  as  the  basis  for 
charts  and  tables  in  Chapter  1  is  equivalent  to  the  International 
Civil  Aviation  Organization  (ICAO)  Standard  Atmosphere  adopted 
by  NACA  on  November  20,  1952  and  contained  in  NACA  Report 
1235  "Standard  Atmosphere  -  Tables  and  Data  for  Altitudes  to 
65,  800  Feet",  1955  (Reference  6).  The  equations  of  this  report 
were  used  to  extend  the  tables  to  80,  000  feet.  The  properties 
tabulated  in  Chapter  1  are  identical  with  those  in  the  ARDC  Model 
Atmosphere,  1956,  the  U.  S.  Extension  to  the  ICAO  Standard 
Atmosphere,  1958  (Reference  7)  and  the  ARDC  Model  Atmosphere, 

1959  (Reference  8).  One  exception  should  be  noted:  the  sea-level 
speed  of  sound  is  taken  as  1116.45  ft  sec-*  in  Chapter  1,  whereas 
it  was  1116.89  ft  sec”*  in  NACA  Report  1235,  since  Lhe  ratio  of 
specific  heats,  y,  was  taken  as  1.4  exactly  for  Chapter  1  and 
implied  as  1.401  1  in  NACA  Report  1235,  on  the  basis  of  experimental 
values  of  sound  speed. 

The  constants  and  conversion  factors  used  in  Chapters  2  through 
7  and  Appendixes  I  and  II  are  based  on  the  earlier  "Standard  Atmosphere 
Tables  and  Data",  NACA  Report  218,  1948.  The  gas  constant,  R  used 
in  Chapter  I,  e.g.  in  the  perfect  gas  law  Pa  =  pRTa,  has  the  dimen¬ 
sions  ft<'/sec^°K.  It  is  equal  to  lhe  product  of  the  gas  constant  used 
in  the  remaining  chapters  and  _..e  acceleration  due  to  gravity.  The 
dimensions  of  the  latter  are  ft/°K. 

While  this  handbook  continue?  to  provide,  in  general,  adequate 
instruction  for  conducting  performance  tests  on  turbojet  and  recipro¬ 
cating  engine  powered  conventional  aircraft,  Chapter  VII,  "Helicopter 
Flight  Test  Performance  and  Analysis",  is  in  need  of  updating.  Also, 
analysis  is  lacking  in  regard  to  high  performance  aircraft.  Caution 
should  be  exercized  in  applying  correction  procedures  to  flight  data 
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obtained  with  this  type  of  aircraft.  For  example,  significant  errors 
may  be  incurred  in  making  corrections  to  climb  data  for  wind  gradients 
and  for  weight  because  of  the  simplifying  assumptions  which  have  been 
made . 

The  addition  of  a  list  of  references  has  been  made  (reference  TABLE 
OF  CONTENTS).  Contained  in  these  references  is  considerable  supple¬ 
mentary  information  including  data  on  standard  atmospheres  '»  a 
review  of  aerodynamics  prepared  by  the  USAF  Experimental  Test  Pilot 
School  and  a  comprehensive  NATO  flight  test  manual  prepared  under 
the  auspices  of  the  Advisory  Group  for  Aeronautical  Research  and 
Development 
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ABSTRACT 


Mot hod a  of  obtaining  flight  tart  data  for  reciprocating  engine  aircraft 
(including  helicopters)  and  turbojet  aircraft  are  presented  together  vlth 
various  methods  of  data  analysis  and  data  presentation.  Correction  of  air¬ 
craft  performance  to  standard  conditions  is  included,  as  are  detailed 
derivations  of  correction  factors  and  performance  parameters.  Numerous 
graphs  and  charts  containing  information  required  by  and  useful  to  the 
flight  test  engineer  are  presented!  together  vlth  sample  data  reduction 
forms  and  sample  flight  test  programs* 
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INTRODUCTION 


No  single  or  rigid  method  of  data  analysis  and  presentation  has  been  set 
down  in  this  report.  Rather,  an  attempt  has  been  made  to  shov  various  methods 
of  data  standardisation  and  plotting.  The  flight  testing  agency  can  best 
determine  the  procedures  most  suited  to  the  particular  test,  type  of  aircraft, 
or  type  of  report  desired. 

Considerable  detail  concerning  the  derivation  of  correction  factors  and 
performance  parameters  has  been  included.  The  function  of  these  derivations 
is  not  to  prove  the  results,  but  to  shov  the  methods.  Vhen  performance  analysis 
problems  result  from  new  type  of  aircraft,  engines,  or  flight  conditions,  these 
methods  of  deriving  corrections  and  parameters  may  be  useful  as  a  starting 
point . 


Aircraft  stability  and  control  tests  and  methods  are  not  included,  but 
will  be  the  subject  of  a  separate  report. 

Although  extreme  care  was  taken  in  the  preparation  of  this  report,  there 
is  a  possibility  that  errors  are  present.  Fleaee  address  correspondence  to, 
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SYMBOLS  USED  IN  CHAPTER  ONE 


Term 

Definition 

Units 

a 

Speed  of  sound,  38,967  J Ta(*K) 

knots 

a8 

Standard  day  speed  of  sound,.  38.967 

/tTs(°K) 

knots 

at 

Test  day  speed  of  sound,'  38. 967y/Tat(#K) 

knots 

aSL 

Speed  of  sound  at  standard  sea  level;  661.48 

knots 

°C 

Degrees  centigrade 

CL 

Airplane  lift  coefficient,  nW/(pVt2S/2) 

CLic 

"Indicated"  lift  coefficient,  nW/t PsMic2S/2) 

d 

Differential 

Example:  dHic  =  differential  indicated 
pressure  altitude  corrected  for  instrument 
error 

d/dt 

Time  rate  of  change 

Example:  dHic/dt  =  time  rate  of  change  of 
indicated  pressure  altitude  corrected  for 
instrument  error 

*n 

Function  of  (  ) 

Example:  P8  =  f2(Hic)v  This  means  that  PB 

is  a  function  of  Hic.  In  other  words,  PB  may 
be  determined  if  H*c  is  known. 

S 

Acceleration  due  to  gravity  at  a  point 

feet/second2 

SSL 

Acceleration  due  to  gravity  at  standard  sea 

32.17405  feet/ 
second2 

level 

G 

Gravitational  constant 

32. 17405  feet2/ 
second2  - 
geopotential 
feet 

h 

Tapeline  altitude 

feet 

H 

Geopotential  at  a  point  (this  is  a  measure 
of  the  gravitational  potential  energy  of  a 

unit  mass  at. this  point  relative  to  mean 

geopotential 

sea  level) 

feet 

Hc 

Pressure  altitude,.  Hi  +  AHic  +  AH + 

AHpc 

feet 

"Hg 

Inches  of  mercury 

Hi 

Indicated  pressure  altitude 

feet 

Hie 

Indicated  pressure  altitude  corrected  for 

instrument  error,  Hi  +  AH^C 

feet 
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Preceding  page  blank 


feet 


AHic 

Hici 

AHic  l 
AHp 

AHpC 

Kn 

K 

°K 

m 

M 

Mi 

Mic 

AMic 

AMp 

AMpc 

n 

Npr 

Nr 

P 

Pa 

paSL 

Pi 

APp 

P8 

Pt 


Altimeter  instrument  correction 

Indicated  pressure  altitude  corrected  for 
instrument  and  lag  errors,  Hi  +  AHjc  +  feet 

AHici 

Altimeter  lag  correction  feet 

Altimeter  position  error  corresponding  to 

APp  feet 

Altimeter  position  error  correction  feet 

A  constant 

Example:  K5  “  52.86784 
Temperature  probe  recovery  factor 
Degrees  Kelvin 
The  slope  of  a  line  at  a  point 
Flight  or  free  stream  Mach  number 
Indicated  Mach  number 

Indicated  Mach  number  corrected  for  instrument 
error,  Mi  +  AM1C 

Machmeter  instrument  correction 

Machmeter  position  error  corresponding  to  APp 

Machmeter  position  error  correction 

Load  factor 

Prandtl  number,  pd  where  d  is  the  thermal 


diffusivity 

Reynolds  number,  pL  V//-*"  where  L  is  a 
characteristic  length  and  V  is  axial  velocity 

The  applied  pressure  at  time  t  "Hg 

Atmospheric  pressure  corresponding  to  Hc  "Hg 

Atmospheric  pressure  at  standard  sea  level  29»92126"Hg 

The  indicated  pressure  at  time  t  "Hg 

Static  pressure  error  (or  position  error)  "Hg 

Pressure  corresponding  to  Hic  "Hg 

Free  stream  total  pressure  "Hg 


Pt' 


<1. 

<lc 


<lcic 

r 

R 

S 


Total  pressure  at  total  pressure  source 

(for  subsonic  speedsj  Pt'  is  equal  to  the 

free  stream  total  pressure,  Pt.  For 

supersonic  speeds,  Pt'  is  equal  to  the  total 

pressure  behind  the  shock  which  forms  in 

front  of  the  probe  and  is  therefore  not  equal 

to  Pt).  "Hg 

Dynamic  pressure,  q  =  pV^/2  =  0.7PaM2  "Hg 

Differential  pressure,  Pt'  -  Pa(Tc  *fl  also 

called  impact  pressure  or  compressible 

dynamic  pressure)  "Hg 

Differential  pressure  corresponding  to  Vjc, 

Pt'  -  Pfl  "Hg 


Radius  of  the  earth 
Gas  constant  for  dry  air 

Total  wing  area 


feet 

3089.67  feet2/ 
*K  second  2 

feet2 


t 


Time 


seconds 


ta 

las 

*aSL 

fat 

ti 

*ic 

Atic 

Ta 


Atmospheric  temperature  °C 

Standard  day  atmospheric  temperature 
corresponding  to  Hc  “C 

Standard  sea  level  atmosphen.  temperature  15°C 

Test  day  atmospheric  temperature  °C 

Indicated  temperature  °C 

Indicated  temperature  corrected  for 
instrument  error,  tj  ♦  Atjc  °C 

Air  temperature  instrument  correction  °C 

Atmospheric  temperature;  °K 


T  A 

T  aSL 
Tat 
Ti 
Tic 


Standard  day  atmospheric  temperature 
corresponding  to  Hc  °K 

Standard  sea  level  atmospheric  temperature  288.16°K 

Test  day  atmospheric  temperature  °K 

Indicated  Temperature  CK 

Indicated  temperature  corrected  for 

instrument  error,  Tj  +  ATjc  *K 
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Air  temperature  instrument 
correction 

•K 

Tt 

Total  temperature 

°K 

vc 

Calibrated  airspeed,  +  AVic  +  AViC£  + 

AVpC 

knots 

Ve 

Equivalent  airspeed,  V  +  AV£  or 

knots 

v*i 

Indicated  airspeed 

knots 

Vic 

Indicated  airspeed  corrected  for  instrument 
error,  Vj  +  AVic 

knots 

*vic 

Airspeed  indicator  instrument  correction 

knots 

VicX 

Indicated  airspeed  corrected  for  instrument 
and  lag  errors,  +  AVj^c  +  AV^C/ 

knots 

AVic  l 

Airspeed  indicator  lag  correction 

knots 

AVp 

Airspeed  indicator  position  error 
corresponding  to  APp 

knots 

AV  pC 

Airspeed  indicator  position  error  correction 

knots 

vt 

True  airspeed 

knots 

Vts 

Standard  day  true  airspeed 

knots 

Vtt 

Test  day  true  airspeed 

knots 

w 

Aircraft  gross  weight 

pounds 

o< 

Angle  of  attack 

p 

Angle  of  sideslip 

r 

Ratio  of  specific  heats,  1.40  for  air 

S 

Pa/PaSL 

&  ic 

Ps/PaSL 

e 

T  a/TaSJ^ 

es 

Tas/TaSL 

0t 

Tat/TaSL 

X 

Lag  constant 

seconds 

xHic 

Lag  constant  corresponding  to  Hie 

seconds 

*8 

Static  pressure  lag  constant 

seconds 

^SL 

Lag  constant  at  standard  sea  level 

seconds 

*aSL 

Static  pressure  lag  constant  at  standard  sea 
level 

seconds 

xviii 


X 

t 

Total  pressure  lag  constant 

seconds 

AtSL 

Total  pressure  lag  constant  at  standard 
sea  level 

seconds 

A 

Viscosity  at  temperature  Ta 

pounds  - 
second/feet^ 

s* 

Hie 

Viscosity  corresponding  to  H^c 

pounds  - 
second/feet^ 

SL 

Viscosity  at  standard  sea  level 

3. 7452  x  10*7 
pounds -second/ 
feet^ 

P 

Air  density 

slugs /feet^ 

Ps 

Standard  day  air  density  corresponding 
to  Hc 

slugs  /feet^ 

PSL 

Air  density  at  standard  sea  level 

0.  0023769 
slugs/feet^ 

Pt 

Test  day  air  density 

slugs  /feet"* 

<r 

p/  PS  L 

ff8 

Ps/PSL 

*t 

Pt'PSL 

T 

Acoustic  lag 

seconds 
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CHAPTER  ONE 


SEGTION  1 

THE  STANDARD  ATMOSPHERE 

The  performance  of  an  aircraft  is  influenced  by  the  pressure  and 
temperature  of  the  air  through  which  the  aircraft  is  flying.  Studies  of  the 
earth's  atmosphere  have  shown  that  these  quantities  depend  primarily  on 
altitude,  and  vary  relatively  little  from  day  to  day.  Consequently,  a 
"standard"  atmosphere  can  be  usefully  established  by  definition  of  a 
pressure  and  temperature  for  each  altitude.  This  standard  will  approximate 
the  atmospheric  conditions  for  any  day  fairly  closely.  By  applying  small 
corrections  to  data  acquired  on  a  non-standard  day,  the  data  may  be  re¬ 
duced  to  the  standard  day.  This  makes  possible  comparison  of  results 
obtained  on  other  days  with  the  same  aircraft  and  with  other  aircraft. 

1  .  1  THE  UNITED  STATES  STANDARD  ATMOSPHERE 

For  many  years  a  standard  atmosphere  based  on  NACA  Report  No. 

218,  "Standard  Atmosphere  -  Tables  and  Data^  "  has  been  used  in  the 
United  States.  Recently  many  organizations  including  the  Air  Research 
and  Development  Command  of  the  Uni'ed  States  Air  Force  have  adopted 
a  new  standard,  the  United  States  Standard  Atmosphere,  which  is 
consistent  with  that  of  the  International  Civil  Aviation  Organization.  This 
new  standard  atmosphere  is  discussed  in  NACA  Report  No.  1  235,  "Standard 
Atmosphere  -  Tables  and  Data  for  Altitudes  to  65,  800  Feet."  All  charts 
and  tables  in  this  manual  are  based  on  the  US  Standard  Atmosphere. 

1.1.1  Basic  Assumptions: 

The  United  States  Standard  Atmosphere  is  derived  from  the 
following  assumptions  which  closely  approximate  true  atmospheric 
conditions: 

(  1)  The  air  is  dry 

(2)  The  atmosphere  is  a  perfect  diatomic  gas: 


Pa  =  / RT  a 

1.  1 

In  specific  units 

p  =  0.022891-^2- 
i  a 

1  .  2 

a  -  9.6306'-^- 

1  .  3 

‘a 

1 


where 


Pa  =  atmospheric  pressure,  "Hg 
Ta  ~  atmospheric:  temperature,  °K 
p  =  atmospheric  density,  slugs/ft-3 
R  =  the  gas  constant  for  dry  air,  3089.7  ft^/sec^  *K 
<j~  -  density  ratio,  p/pgL 

(3)  Hydrostatic  equilibrium  exists: 

dPa  =  -  /  gdh  1.4 

This  equation  is  derived  from  a  consideration  of  the  forces  acting  in 
the  vertical  direction  on  a  small  column  of  air  of  unit  area.  (See  Figure 
1.1) 

P  +  dP 
a  a 

Forces  in  Vertical 
Direction  =  0 

W  +  dP  *  l  =  C 
a 

dP  =  -  W 
a 

dP  =  -  p  g  •  1  ••  dh 

ct 

dPa  =  -  P  gdh 


"  a 

Figure  1 . 1 

Forces  Acting  on  a  Small  Column  of  Air  of  Unit  Area 

(4)  The  measure  of  vertical  displacement  is  geopotential. 
Geopotential  is  a  measure  of  the  gravitational  potential  energy  of  a  unit 
mass  at  a  point  relative  to  mean  3ea  level.  It  is  defined  in  differential 
form  by  the  equation 

i. 


2 


G  dH 


=  g  dh  1.5 

where 

h  -  tapeline  altitude;  i.e.,  the  actual  distance  from 
mean  sea  level  to  a  point  in  the  atmosphere,  feet 

g  =  acceleration  due  to  gravity  at  the  same  point,  feet/sec^ 

H  -  geopotential  at  the  point,  geopotential  feet 

G  -  a  dimensional  constant,  32.  17405  ft^/^sec*-  -  geopotential 
feet)for  the  above  system  of  units 

Each  point  in  the  atmosphere  has  a  definite  geopotential  as’g’is  a  function 
of  latitude  and  altitude . 

(  5)  Sea  level  pressure  is  760  mm  Hg  or  29.92126  inches  Hg 

(6)  Sea  level  temperature  is  15°C  or  288.16°K 

(7)  Temperature  variation  with  geopotential  is  expressed  as  a 
series  of  straight  line  segments: 

(a)  The  temperature  lapse  rate  in  the  troposphere  (sea  level 

to  36,089  geopotential  feet)  is  0 . 001981 20°C/geopotential  feet. 

(b)  The  temperature  above  36,089  geopotential  feet  and  below 
82,021  geopotential  feet  is  constant  -56.50°C.  (The  latest 
issue  of  "The  ARDC  Model  Atmosphere"  should  be 
consultea  for  data  above  82,021  geopotential  feet.) 

1.1.2  Relationship  Between  Variables: 

From  the  basic  assumptions  listed  above  it  is  possible  to  express 
the  atmospheric  pressure,  temperature,  and  density  as  functions  of 
geopotential . 

Introducing  the  definition  of  geopotential  (Equation  1.5)  into  the 
equilibrium  equation  1 . 4, 

dPa  =  -/ GdH  1.6 

Eliminating  p  by  means  of  the  perfect  gas  equation  1.  1, 

dPa  .  G  dH  - 

Pa  '  '  R  Ta 

Assumption(7)  above  expresses 

Ta  =  fi  (H)  only. 


3 


Hence,  integration  of  equation  1.7  is  possible  with  the  result 

Pa  =  iz  (H)  only- 

Finally,  from  the  perfect  gas  equation, 
p  -  fj  (H)  only. 

For  geopotentials  below  36,  089  geopotential  feet 


0 

.  Ta 

Ta  SL 

-  (i 

-  KjH) 

/ 

=  (1 

5. 2561 

6  : 

*  a 

'  PaSL 

-  KjH) 

A 

4.  2561 

<r 

_  P 

=  (1 

-  KjH) 

1.8 

1.  9 
1.  10 


where 

Kj  =  6.  87535  x  1  0  '  ^/geopotential  feet 

For  geopotentials  above  36,  089  geopotential  feet  and  below  82,  021 
geopotential  feet 


Ta 

=  -56. 50 “C  =  216.  66° K 

1.11 

i 

=  J*a  =  0.223358  e'K^H  ' 

1.  12 

PaSL 

r  p  =  0. 29707  &  "K^H  '  k3) 

1.13 

PSL 

•where 

K.2  =  4.80634  x  1 0 " "V geopotential  feet 

K3  =  36,  089.24  geopotential  feet 

From  the  above  equations,  pressure,  temperature,  and  density, 
plus  several  other  parameters  useful  in  flight  test  are  tabulated  in  Table 
9. 2  for  incremental  geopotentials  of  100  geopotential  feet.  In  addition, 

Pa  in  inches  Hg  and  h  are  tabulated  in  Table  9-3  for  every  10  geopotential 
feet.  A  summary  of  basic  data  is  given  in  Table  9.1. 


1.1.3  Determination  of  Tapeline  Altitude: 

In  flight  testing,  the  exact  position  in  space  is  usually  not 
important;  altitude  is  important  only  as  a  means  of  describing  the 
properties  of  the  air  through  which  the  test  aircraft  is  flying.  Hence,  it 
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is  seldom  necessary  to  determine  tapeline  altitude.  It  is  sufficient  to 
express  the  atmospheric  properties  in  terms  of  geopotential. 

If  one  finds  it  necessary  to  determine  the  tapeline  altitude,  the 
acceleration  of  gravity  as  a  function  of  tapeline  altitude  must  be  defined 
to  allow  integration  of  equation  1.5.  An  approximate  expression  is 
obtained  by  assuming  that  the  altitude  variation  of  the  acceleration  of 
gravity  from  its  sea  level  value  is  given  by  the  Newtonian  inverse  square 
law*  r  2 

g  =  SSL  ( r+Ti )  114 

where 

SSL  =  8ea  level  value  of  the  acceleration  of  gravity, 

32 .  17405  ft/ sec^ 

r  =  radius  of  the  earth,  20,  930,  0C0  feet 
h  =  tapeline  altitude,  feet. 

Introducing  this  expression  into  equation  1. 5  and  integrating  yields 


SSL  /  rh 
G 


TJ  _  P'JU  /  \ 

H  ‘  ^  'FTK' 


1. 15 


where 


G  -  32.  17405  ft^/sec^  -  geopotentiai  feet 
Solving  for  h  -  H(G/gSL) 

h  • H  ( 41  =  ,H' 1 


1.  16 


(r-Hf-) 

®SL 


where 

G/ggj^  =  1  ft/geopotential  feet 

A  plot  of  altitude  correction  factor,  h  -  H(G/gsL,),  versus  H(G/ggjj)  is 
given  in  Chart  8.  1.  This  factor,  when  added  to  the  geopotential, 


‘■‘Use  of  the  Newtonian  in’  rse  square  law  is  based  on  the  assumption 
that  the  earth  is  a  nonrotating  sphere  composed  of  spherical  shells  of 
equal  density.  This  assumption  is  very  good  at  altitudes  attained  in 
routine  flight  test  work  (H  100,  000  geopotentiai  feet).  For  higher 
altitudes,  a  more  sophisticated  analysis  may  be  necessary.  A  method 
which  is  good  to  several  million  feet  is  given  in  AFCRC  TN-56-204, 
"The  ARDC  Model  Atmosphere,  1956,"  by  R.A.  Minzner  and  W  .  S. 
Ripley . 
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H(G/gg^),  will  give  the  corresponding  tapeline  altitude. 

1  .  2  THE  NON-STANDARD  ATMOSPHERE 

Flight  test  data  is  always  reduced  to  a  standard  day  so  that  comparison 
may  be  made  among  data  obtained  on  different  days.  The  usual  technique 
is  to  present  the  data  in  terms  of  pressure  altitude.  (Pressure  altitude  is 
defined  as  the  geopotential  at  which  a  given  pressure  is  found  in  the 
standani  atmosphere,)  Whether  found  in  a  standard  atmosphere  or  non¬ 
standard  atmosphere,  any  given  pressure  indicates  one  and  only  one 
corresponding  pressure  altitude.  Therefore,  reduction  to  a  standard  day 
consists  of  making  corrections  for  temperature  to  the  value  given  in  the 
standard  atmosphere  corresponding  to  the  test  day  pressure  altitude  (or 
pressure) . 

The  pressure  altitude  and  geopotential  are  not  simply  related  on  a  non¬ 
standard  day.  If  the  geopotential  is  desired,  it  is  necessary  to  make  a 
survey  of  the  atmosphere  to  determine  Ta  as  a  function  of  Pa  to  allow 
integration  of  equation  1.7.  Fortunately,  this  operation  is  seldom 
required.  However,  the  computation  is  outlined  in  NACA  Report  No. 

538,  "Altitude  -  Pressure  Tables  Based  on  the  United  States  Standard 
Atmosphere"  . 
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SECTION  2 

THEORY  OF  ALTITUDE,  AIRSPEED,  MACH  NUMBER  AND  AIR 
TEMPERATURE  MEASUREMENT 

Pressure  altitude,  airspeed,  Mach  number  and  free  air  temperature 
are  basic  parameters  in  the  performance  of  aircraft.  The  instruments 
used  to  measure  these  quantities  are  the  altimeter,  the  airspeed  indicator, 
the  machmeter,  and  the  free  air  temperature  probe.  The  basic  theory  of 
the  construction  and  calibration  of  these  instruments  is  given  in  this  section. 
Tfre  actual  methods  employed  in  their  calibration  will  be  given  in  sub¬ 
sequent  sections. 

2.  1  THE  ALTIMETER 

Most  altitude  measurements  are  made  with  a  sensitive  absolute 
pressure  gage,  called  an  altimeter,  scaled  so  that  a  pressure  decrease 
indicates  an  altitude  increase  in  accordance  with  the  U.S,  Standard 
Atmosphere.  If  the  altimeter  setting*  is  29.92,  the  altimeter  will  read 
pressure  altitude  whether  in  a  standard  or  non-standard  atmosphere. 

=  (1  -  6.87535  x  10 ~°HC) 

for  Hc  d.  26,  089  ft  2.  1 

E»  ,  0.  223358  .  '  4'  80634  *  10'5‘Hc  '  <>89.  24) 

PaSL 

for  36,  089<HC  <  82,  021  ft  2.2 

where 

Pa  =  atmospheric  pressure,  inches  Hg 

Hc  =  pressure  altitude,  feet 

paSL  =  29. 921  26  inches  Hg 


*The  altimeter  setting  is  an  adjustment  that  allows  the  scale  to  be  moved 
so  that  the  altimeter  can  be  made  to  read  field  elevation  when  the  aircraft 
touches  the  ground.  In  flight  testing,  the  altimeter  setting  should  be 
29.92  in  order  that  the  altimeter  reading  will  be  pressure  altitude. 


7 


The  altimeter  is  conatructed  and  calibrated  according  to  this  relationship. 

The  heart  of  the  altimeter  is  an  evacuated  metal  bellows  which  expands 
or  contracts  with  changea  in  outside  pressure.  The  bellows  is  connected 
to  a  series  of  gears  and  levers  which  cause  a  pointer  to  move  as  the 
bellows  expands  or  contracts.  The  whole  mechanism  is  placed  in  an 
airtight  case  which  is  vented  to  a  static  pressure  source;  the  indicator 
then  reads  the  pressure  supplied  to  the  case.  The  dial  is  calibrated  to 
indicate  pressure  altitude.  The  altimeter  construction  it>  shown  in 
Figure  2.1 


Static 

Pressure 

<p„> 


Figure  2.1 
Altimeter  Schematic 


“1 


J 


The  static  pressure  measured  at  the  static  source  of  the  altimeter 
(P  )  may  differ  slightly  from  the  atmospheric  pressure  (Pa).  For  any 
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Ps>  the  altimeter,  when  corrected  for  instrument  error,  will  indicate 
the  corresponding  indicated  pressure  altitude  corrected  for  instrument 
error  (Hic) 

o  ,  5.  2561 

ifsL  =  0 ' 6*87535  x  10  Hic) 

for  Hic  <  36,  089  ft  2.  3 

Pq  _  0  223358  *  4.80634  x  10‘5(Hic  -  36,089.24) 

PaSL  6 

for  36,  0G9  <  Hic^  82,  021  2.4 

The  quantity  Ps  -  is  called  the  static  pressure  error  or  position 
error.  The  value  which  is  added  to  Hjc  to  determine  Hc  is  termed  the 
altimeter  position  error  correction.  The  position  error  corrections  for 
the  altimeter  and  the  other  instruments  will  be  considered  in  later  sections. 

The  altimeters  available  and  their  expected  characteristics  are: 

T ype  Range  -  ft  Readability  -  ft  Repeatability 

C-12  0  to  50,000  5  Determined  by 

calibration 

C-19  0  to  80,  000  5 

2.  2  THE  AIRSPEED  INDICATOR 

True  airspeed  (Vt)  is  the  velocity  of  an  aircraft  with  respect  to 
the  air  through  which  it  is  flying.  It  is  difficult  to  measure  Vt  directly. 
Instead,  it  is  usually  determined  from  calibrated  airspeed  (Vc), 
atmospheric  pressure  (Pa),  and  atmospheric  temperature  (Ta).  Vc  is 
obtained  from  a  conventional  airspeed  indicator,  Pa  is  measured  with 
an  altimeter,  and  Ta  is  measured  with  a  free  air  temperature  probe. 


*TFS"  instrument  error  is  an  error  built  into  the  instrument  consisting 
of  such  things  as  scale  error  and  hysteresis.  This  error  is  discussed 
in  Section  3. 
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The  airspeed  indicator  opeiates  on  the  principle  of  Bernoulli's 
compressible  equation  for  frichonless  adiabatic  (isentropic)  flow  m 
which  airspeed  is  expressed  as  the  difference  between  total  and  static 
pressures  Therefore,  the  airspeed  indicator  consists  of  a  pitot-static 
pressure  system  which  is  used  to  measure  the  difference  between  total 
and  static  pressures. 

At  subsonic  speeds  Bernoulli's  equation  expressed  as  follows  is 
applic  able 


asd 

Pa 


2  5 


where; 


qc  =  Pt'  -  P-a  —  differential  pressure.  (This  is  equal 

to  the  free  stream  impact  pressure  or  compressible 
dynamic  pressure  (Pt  -  P&)  for  subsonic  flow  ) 

Pt  =  free  stream  total  pressure 

Pa  =  free  stream  static  pressure  (or  atmospheric  pressure) 
t  *  ratio  of  specific  heats 
V t  =  true  airspeed 

a  *  local  atmospheric  speed  of  sound 
For  air,  $  -  1.40.  Equation  2.5  becomes 


= 


1+0.2 


2.6 


For  supersonic  flight,  a  shock  wave  will  form  in  front  of  the  total 
pressure  probe.  Therefore  equation  (2.5,  2.6)  is  no  longer  valid.  The 
solution  for  supersonic  flight  is  derived  by  considering  a  normal  shock 
compression  in  front  of  the  total  pressure  tube  and  an  isentropic 
compression  in  the  subsonic  region  aft  of  the  shock.  The  normal  shock 
assumption  is  good  as  the  pitot  tube  has  a  small  frontal  area  so  that  the 
radius  of  the  shock  in  front  of  the  hole  may  be  considered  infinite.  The 
resulting  equation,  known  as  the  Rayleigh  supersonic  pitot  equation,, 
relates  the  total  pressure  behind  the  shock  to  the  free  stream  ambient 
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pressure. 


where 


Jf*  = 

ra 


f  +  1  /  V, 
2  K~a 


2  -> 

) 


i 

T  l~  t » i  1  r-  l 

IT- 


2.  7 


For  air, 


qc  =  Pt'  -  Pa  =  differential  pressure.  (This  is  not  equal 
to  the  free  stream  impact  pressure  or  compressible 
dynamic  pressure,  Pt  -  Pa,  for  supersonic  flow  as 

Pt'5 *pf> 

Pt'  =  total  pressure  at  total  pressure  pickup  behind  the 
shock.  (This  is  not  equal  to  the  free  stream  total 
pressure  (Pt)  for  supersonic  flight.) 

-  1.40.  Equation  2.  7  becomes 


ac  = 
pa 


v,  2 

7(~~)  -  1 
- 


f 


3.  5 


36  (U.) 

- V 


-  1 


2.8 


.5  [7  (£)  -  l] 

This  may  be  written  more  conveniently  in  the  form 

7 

-  1 


at  = 
Pa 


K3<£) 


2.9 


where 


K  - 

k3  -  — r 


3.5 


s  166.921 

Examination  of  equations  (2.5,  2.6)  and  (2.7.  2.8,  2.9)  shows  that  the 
true  velocity  (Vt)  is  dependent  on  the  local  atmospheric  properties,  speed 
of  sound  (a),  and  static  pressure  (Pa),  as  well  as  the  differential  pressure 
(9c)-  Therefore,  an  airspeed  indicator  measuring  dii.  -otial  pressure 
can  be  made  to  read  true  airspeed  at  one  and  only  one  a*‘i:  pntric 
condition.  Standard  sea  level  is  taken  for  this  condition.  Therefore,  the 
dial  of  the  airspeed  indicator  is  scaled  so  that  a  given  differential  pressure 
will  indicate  a  speed  in  accordance  with  equations  2.6  and  (2.8,  2.9)  in 
which  sea  level  standard  a  and  Pa  are  inserted.  This  sea  level  standard 
value  of  is  defined  as  calibrated  airspeed  (Vc). 


1 1 


SiL 

paSL 

for  V c  £  3SL*  and 


2  -j  3.5 

1  +  0.  2  )  i 

aSL  .J 


-  1 


Or  166.921  {iSu  )  . 

p  CI  = _ aSLy  -  1 

aSL  r-  \f~.  7.  ^  2  5 


for  Vc  2  a$L. 
where 


2.  10 


2.  11 


qc  -  differential  pressure,  inches  Hg 
Vc  =  c  alibrated  ai  rspeed,  knots 
aSL  :  661.48  knot  s 
PaSL  1  29.92126  inches  Hg 

Airspeed  indicators  are  constructed  and  calibrated  according  to  these 
equations . 

In  operation,  the  airspeed  indicator  is  similar  to  the  altimeter,  but, 
instead  of  being  evacuated,  the  inside  of  the  capsule  is  connected  to  a 
total  pressure  source  and  the  case  to  'he  static  pressure  source.  The 
instrument  then  senses  total  pressure  (Pt')  within  the  capsule  and  static 
pressure  (Ps)  outside  it  as  shown  in  Figure  2.  2. 
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r 


l 
i 

L 

Static  Pressure 

r  (ps» 


For  any  indicated  differential  pressure  (qc-c)  felt  by  the  instrument, 
the  airspeed  indicator,  when  corrected  for  instrument  error,  will 
indicate  the  corresponding  indicated  airspeed  corrected  for  instrument 
error  {\c)>  or 


^cic 

^SL 


V.  2  1 

L* +  ®-2  (=ir>  J 


3,5 


-  I 


2.  12 


for  V.  £  aCT  and 
tc  bL 


’etc 


aSL 


V,  7 

166.921  (  — lS) 
aSL 


[t(^, 


SL 


-] 


2.  5 


2.13 
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for  Vic  ^  agL. 

In  the  general  case,  qC)C  wi'l  differ  from  qc  as  a  result  of  static 
pressure  error.  As  a  result,  an  airspeed  position  error  correction  must 
be  added  to  Vjc  to  obtain  Vc,  the  desired  result.  This  correction  will 
be  discussed  in  later  sections. 

qciC  in  inches  Hg  is  given  for  various  values  of  Vjc  in  knots  in  Table 
9.5.  This  table  is  also  good  as  qc  in  inches  Hg  versus  Vc  in  knots. 

At  the  present  time,  the  following  airspeed  indicators  are  commonly 
used  in  flight  test  work. 


Type 

Range 

Readabi  lity 

Repeatability 

F  - 1 

50  to  650  knots 

0 . 5  knots 

Determined  by 
calibration 

059 

50  to  850  knots 

0 . 5  knot  s 

0153 

10  to  150  miles  per 
hour 

0.5  miles  per  hour 

Calibrated  airspeed  (Vc)  represents  the  true,  velocity  of  the  aircraft 
(Vf)  at  standard  sea  level  conditions  only.  Vj  may  be  determined  at 
altitude  by  a  knowledge  of  atmospheric  pressure  and  density  (or 
temperature) . 

The  equivalent  airspeed  (Ve)  is  defined  as 


ve  "  Vt 

where  r  is  the  density  ratio,  p/psL* 
Solving  the  subsonic  equation  2.6  for 


The  speed  of  sound  in  a  perfect  gas  may  be  expressed  as 


2.  14 


2.  15 

2.  16 


2.  17 
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Introducing  equation  2.  10,  the  following  result  is  obtained: 


From  equation  2. 14,  Vt  is  simply  Ve  corrected  for  the  difference  between 
sea  level  standard  density  and  actual  ambient  density.  This  has  been 
shown  for  subsonic  flight  only.  It  could  similarly  be  shown  to  be  true  for 
supersonic  flight  as  well. 

This  relationship  between  Vc  and  Vt  is  presented  for  explanation  only; 
a  shorter  method  of  obtaining  Vt  from  the  same  required  variables  is  given 
later  in  Section  2.5. 


2.  3  MACH  NUMBER  AND  THE  MACHMETER 


2.3.1  Mach  Number: 

Mach  number  (M)  is  defined  as  the  ratio  of  the  true  airspeed  to 
the  local  atmospheric  speed  of  sound 


M  = 


_  vt 


2.  19 


With  the  advent  of  high  speed  aircraft,  Mach  number  has  become  a 
very  important  parameter  in  flight  testing. 

For  isentropic  flow  of  a  perfect  gas,  Bernoulli's  equation  states 

r 

2. 


P-  ■  ♦  T1 


M  ) 


2.  20 


where 


For  air, 


Pt  -  free  stream  total  pressure 
Pa  =  free  stream  static  pressure 
J*  =  ratio  of  specific  heats 
=  1.40.  Equation  2.  20  becomes 

3.  5 


-pi  =  (1  +  0.2M^) 


2.21 


This  equation  which  relates  Mach  number  to  the  free  stream  total  and 
static  pressures  is  good  for  supersonic  as  well  as  subsonic  flight.  It 
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must  be  remembered  however,  that  P['  rather  than  Pt  is  measured  in 
supersonic  flight. 


2.3.2  The  Machmeter: 


The  Machmeter  equation  for  subsonic  flight  is  formed  by  inserting 
the  definition  for  M  into  equation  2.6. 


*  (1  +  0. 2MZ)3'  ^  -  1 

*a 


2.  22 


Solving  for  M 


M  =  5 


(¥  ♦  i) 


2/7 


“I 


2.  23 


l  or  supersonic  flight,  from  equation  2.9 


Si-  -  166. 921M7  _  , 

Pa  (7MZ  -  I)2'  5 

Lquation  2.  2-1  cannot  be  solved  explicitly  for  M.  It  can,  however, 
ne  put  ,i,  the  following  form  which  is  convenient  for  rapid  iteration: 


M  = 


\ 

+  1  ! 

i 


K4 


I  1 


2.  25 


w  ii  ere 


K4  =  1.287560 

The  machmeter  is  essentially  a  combination  altimeter  and  airspeed 
indicator  designed  to  solve  these  equations  for  Mach  number.  An 
altimeter  capsule  and  an  airspeed  capsule  simultaneously  supply  signals 
■  a  series  of  gears  and  levers  to  produce  the  Mach  number  indication, 
m ammeter  schematic  is  given  m  Figure  2.3. 
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Figure  3 

Machmeter  Schematic 


For  any  static  pressure  (Pg)  and  differential  pressure  (qcic  =  Pt'  -  Pfl) 
felt  by  the  instrument,  the  Mach  meter,  when  corrected  for  instrument 
error,  will  indicate  the  corresponding  indicated  Mach  number  corrected 
for  instrument  error  (M^c),  or 
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These  equations  relating  M  to  qc/Pa  and  Mjc  to  <9cic/Ps  are  use^u^ 
not  only  as  machmeter  equations,  but  as  a  means  for  relating  calibrated 
airspeed  and  pressure  altitude  to  Mach  number.  Mjc  is  given  for  values 
of  qcic  /P  s  for  Mic  -  1 . 00  in  Table  9. 4.  qcic/Ps  is  given  for  values  of 
MjC  from  1, 00  to  3.00  in  Table  9.5.  These  tables  can  also  be  used  to 
find  M  as  a  function  of  qc/Pa- 

At  present  the  accuracy  of  these  meters  is  poor  so  that  they  are  not 


utable  for 

pre 

c.i sion  work,  but 

as  flight  -safety 

indicators  only.  The 

achmete  r  s 

in 

general  use  are: 

Type 

Range 

Readability 

Repeatability 

A1 

0. 

3  to  1.0;  0  to 

0.01 

Determined  by 

50 

,  000  feet 

calibration 

A2 

0. 

5  to  1 . 5;  0  to 

0.01 

50 

,  000  feet 

G09501 

0. 

7  to  2.  5;  0  to 

0.01 

60, 000  feet 

2.4  FREE  AIR  TEMPERATURE  PROBE 

The  atmospheric  temperature  is  a  measurement  of  the  internal 
thermal  energy  of  the  air.  Therefore,  it  is  a  very  important  parameter 
in  aircraft  and  engine  performance.  Unfortunately,  it  is  difficult  to 
measure  accurately  in  flight.  If  the  air  surrounding  the  probe  is 
brought  to  a  complete  stop  adiabatically  and  the  probe  correctly  senses 
the  resulting  temperature  then 


where 

T-  =  indicated  temperature  corrected  for  instrument 
error,  °K 

Tt  -  total  temperature,  °K 

Ta  =  free  stream  static  temperature,  °K 

M  =  free  stream  Mach  number 

For  various  reasons,  such  as  radiation  or  heat  leakage,  most  probes 
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do  not  register  the  full  adiabatic  temperature  rise.  It  is,  however, 
acceptable  to  write 


1  +  K 


M2 


2.  29 


For  air  with  t  -  1. 40,  this  becomes 


-  1  +  K 


2.  30 


The  value  of  K  represents  the  percentage  of  the  a  .abatic  temperature 
rise  detected  by  the  probe  and  is  called  the  probe  recovery  factor.  For 
many  installations  it  may  be  considered  a  constant,  but  it  may  vary  with 
altitude  and  Mach  number,  particularly  at  supersonic  speeds.  K 
seldom  is  less  than  0.90  for  test  installations  and  is  usually  between  0.95 
and  1. 00.  Methods  for  determining  K  for  a  given  installation  are  discussed 
in  Section  6.  2, 

Equation  2.30  is  plotted  in  Chart  8.2  as  Tjc/Ta  versus  M  for 
constant  K  and  as  Ta  versus  M  for  constant  tic  and  K. 

The  free  air  thermometers  now  in  use  are  all  of  the  electrical 
resistance  type.  Their  operation  is  based  on  the  fact  that  the 
resistances  of  the  sensing  elements  change  with  temperature.  To 
obtain  a  signal  from  such  a  temperature  sensing  unit  the  element  is 
placed  in  a  bridge  circuit.  The  circuit  is  designed  so  that  the  indicator 


registers  the  ratio  of  the  current  flow  in  two  legs  which  makes  the 
indication  independent  of  the  source  voltage  supply.  (Sec  Figure  2.4.) 
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Figure  2 . 4 

Resistance  Temperature  Bulb  Bridge  Circuit 


The  indicator  consists  of  an  ammeter  whose  armature  containo  both 
indicator  coils  wound  so  that  the  indication  is  proportional  to  the  two 
currents.  (See  Figure  2.  5) 
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Construction  of  Resistance  Temperature  Bulb  Indicator 


The  following  instrument  is  in  general  use: 

Type  Range  Readability  Accuracy 

C-10  -60  to  +60  degrees  C  0.5  degrees  C  +0.5  degrees  C 

(or  other  range  as 
desired) 

2.  5  THE  CALCULATION  OF  EQUIVALENT  AIRSPEED,  MACH  NUMBER, 
AND  STANDARD  DAY  TRUE  AIRSPEED 


2,5.1  Equivalent  Airspeed: 


The  equivalent  airspeed  (V  )  is  frequently  used  as  a  basis  for 
reducing  flight  test  data  for  piston-engined  airplanes  as  it  is  a  direct 
measure  of  the  free  stream  dynamic  pressure  (q  ), 


q  =  T  p  V 


7pSLve 


V  may  be  expressed  in  terms  of  pressure  altitude  (H  )  and  Mach 

6  C 

number  (M)  as 


ft: 


This  equation  is  plotted  in  Chart  8.  3  as  V  /  M  versus  Hc 


2.  32 
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2.5.2  Mach  Number; 

The  machmeter  in  its  present  form  should  not  be  used  in 
precision  flight  test  work  as  it  is  not  sufficiently  accurate.  Therefore 
Mach  number  must  be  determined  bv  other  means 

If  the  true  airspeed  and  ambient  temperature  are  known,  Mach 
number  is  defined  by  the  relation 


M  = 


Vt, 


2.  33 


whe  re 


V|t  =  test  day  true  airspeed 
at  =  test  day  speed  of  sound 

The  velocity  of  sound  in  a  perfect  gas  is  proportional  to  the  square 
root  of  the  temperature,  or 


JM 

aSL 


TaSL 


2.  34 


where 


Hence 


and 


Tat  -  tesl  day  ambient  temperature, 
agL  =  661.48  knots 
TaSL=  16-K 

a,  =  38.967  "l 

M  - 


K 


[’at  knots 

2.  35 

,,  (knots) 

2.  36 

38.967  Jt al  (°X) 

This  equation  is  plotted  in  Chart  8.4  as  Vt  versus  Ta  for  constant 
Mach  number  lines. 

Inasmuch  as  the  true  velocity  is  seldom  available  directly,  Mach 
number  is  more  conveniently  obtained  through  the  compressible 
flow  equation  (2,  23,  2.25),  Mis  given  as  a  function  of  q  /Pa  in 
Tables  9. 4  and  9.  5.  Pa  is  obtained  from  pressure  altitude  (Hc)  in 
the  standard  atmosphere,  Table  9.  2  or  Table  9. 3,  and  qc-  is  found 
from  Vc  and  Table  9.  6. 
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This  information  is  plotted  in  Chart  8.  5  as  Mach  number  (M) 
versus  calibrated  airspeed  (Vc)  for  constant  pressure  altitude  (Hc). 
Given  any  two  of  these  variables  the  third  may  be  found  directly  from 
this  chart.  Chart  8. 5  is  also  applicable  for  indicated  quantities 
corrected  for  instrument  error.  In  this  case,  the  chart  may  be 
interpreted  as  Mjc  versus  V^c  for  constant  H^. 

2.5.3  Standard  Day  True  Airspeed: 

In  the  previous  section,  Mach  number  is  expressed  as  a 
function  of  pressure  altitude  and  calibrated  airspeed;  therefore,  at  a 
given  Hc  and  Vc,  the  test  day  Mach  number  is  equal  to  the  standard 
day  Mach  number, 

Mtest  -  =  Mstd  =  =  M  2.37 

at  “s 

where 

Vt8  =  standard  day  true  airspeed 
a8  =  standard  day  speed  of  sound 

The  verity  of  this  statement  is  evidenced  by  the  fact  that  Mach  number 
is  a  function  of  Pa  and  Pt  (equation  2.  20,  2. 21)  and  therefore  can  be 
expressed  independent  of  the  ambient  temperature.  The  standard 
day  speed  of  sound  can  be  expressed  as: 

a8  =  38.967  J Tas,  knots  2.38 

where 

Tas  =  standard  day  ambient  temperature 

(corresponding  to  Hc  in  the  standard 
atmospnere),  *K 

Hence, 

Vt8  =  38.967  M  a8,  knots  2.39 

where  Tas  is  in  *K.  This  equation  is  plotted  in  Chart  8.  5.  This 
chart  can  be  used  to  find  Vts  from  M  and  Hc,  M  and  Vc,  or  Hc  and 
Vc. 
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SECTION  3 

INST  RUMEN  T  ERROR  -  THEORY  AND  CALIBRATION 


Several  corrections  must  be  applied  to  the  Indicated  altimeter  and 
airspeed  indicator  readings  before  pressure  altitude  and  calibrated 
airspeed  can  be  determined.  The  indicated  readings  must  be 
corrected  for  instrument  error,  pressure  lag  error  and  position  error, 
in  that  order  In  level  unaccelerated  flight  there  will  he  no  pressure 
lag,  m  which  case  the  posi'ion  error  correction  can  be  applied  directly 
following  the  instrument  correction.  The  instrument  error  is  the 
sublet  t  of  this  section  The  pressure  lag  error  and  position  error  are 
discussed  iti  sections  4  and  5. 

3.1  INSTRUMENT  ERROR 

The  altimeter  and  airspeed  indicator  are  sensitive  to  pressure 
■i nd  pressure  differential  respectively,  but  the  dials  are  calibrated  to 
re.  id  altitude  and  calibrated  ai  r  speed  ac  <  or  ding  to  equations  (2.  3,  2.4) 
and  (2.12,  2.13).  It  is  not  possible  to  perfect  an  instrument  which 
ecu  represent  such  nonlinear  equations  exactly  under  all  flight  conditions 
As  a  result  an  error  exists  called  instrument  error.  Instrument 
.  rror  is  the  result  of  several  things: 

(1)  Scale  error  and  manufacturing  discrepancies 

( 2 )  Hysteresis 

(3)  Temperature  changes 

(4)  Coulomb  and  viscous  friction 

(5,  inertia  of  moving  par's 

The  calibration  of  an  altimeter  or  airspeed  indicator  for  instrument 
error  is  usu  My  conducted  in  an  instrument  laboratory.  A  known 
pressure  or  pressure  differential  is  applied  to  the  instrument  to  be 
tested.  The  instrument  error  is  determined  as  the  difference  between 
this  known  pressure  and  the  instrument  indicated  reading.  Such 
things  as  friction  and  temperature  errors  are  considered  as 
tolerances  since  they  are  not  dependent  or;  the  instrument  readings. 


An  instrument  with  excessive  friction  or  temperature  errors  should 
be  rejected 

Data  should  be  taken  in  both  directions  so  that  the  hysteresis  can 
be  determined.  Hysteresis  is  then  the  difference  between  the  "up"  and 
"down"  corrections  An  instrument  v/ith  large  hysteresis  must  be 
rejected  as  it  is  difficult  to  account  for  this  effect  in  flight. 

As  an  instrument  wears,  its  calibration  changes.  Therefore, 
each  instrument  should  be  recalibrated  periodically  The  repeatability 
of  the  instrument  is  determined  from  the  instrument  calibration  history. 
The  repeatability  of  the  instrument  must  be  good  tor  the  instrument 
calibration  to  be  meaningful. 

3  2  THE  ALTIMETER 

The  altimeter  is  calibrated  by  placing  it  in  a  vacuum  chamber 
where  pressure  is  measured  by  a  mercury  barometer.  The  chamber 
pressure  is  varied  up  and  down  throughout  the  range  for  which  the 
altimeter  is  intended  to  be  used.  Simultaneous  readings  of  the 
barometer  and  altimeter  are  taken.  The  instrument  correction 
(AHjc)  is  determined  as  the  difference  between  the  instrument 
corrected  and  indicated  altitudes. 

AHjc  =  Hic  -  Hi  31 

where  Hjc  corresponds  to  the  applied  pressure  according  to  equations  2.  3 
and.  Z.  4.  The  results  are  usually  plotted  as  shown  in  Figure  3.  1. 
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Figure  3. 1 

Altimeter  Instrument  Calibration 


To  use  this  Instrument  correction  chart,  the  instrument  correction 
(AH^c )  is  added  to  the  indicated  altitude  (H^)  to  obtain  the  indicated 
altitude  corrected  for  instrument  error  (H^c ) 


H, 


*ic  =  Hi  + - ic 

In  general,  at  the  Air  Force  Flight  Test  Center,  the  altimeter 
is  calibrated  every  1,000  feet  to  20,000  feet  and  every  2,000  feet 
for  higher  altitudes. 


AH. 


3.2 


3.  3  THE  AIRSPEED  INDICATOR 

The  airspeed  indicator  is  calibrated  by  applying  a  known 
differential  pressure  to  the  instrument  to  be  calibrated.  The 
pressure  is  varied  up  and  down  throughout  the  range  for  which  the 
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instrument  is  intended  to  be  used  The  instrument  correction  (AVjc) 
is  determined  as  the  difference  between  the  instrument  corrected 
and  indicated  airspeeds 

AVic  =  Vic  -  Vj  3.3 

where  Vjc  corresponds  to  the  applied  differential  pressure  according  to 
equations  2.1  2  and  2.13  The  results  are  plotted  in  the  same  general 
form  as  the  altimeter  instrument  correction  the  correction  is  plotted 
versus  the  indicated  airspeed  To  use  this  instrument  correction 
chart,  the  instrument  correction  (AVjc)  is  added  to  the  indicated 
airspeed  (Vj)  to  obtain  the  indicated  airspeed  corrected  for  instrument 
error  (Vic) 

Vic  *  Vj  4AVic  3.4 

At  the  AFFTC.  the  airspeed  indicator  is  calibrated  every  10  knots 
throughout  the  intended  speed  range 
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SECTION  4 


PRESSURE  LAG  ERROR  -  THEORY  AND  CALIBRATION 

4.  1  PRESSUkE  LAG  ERROR  AND  THE  LAG  CONSTANT 

The  altimeter  and  airspeed  indicator  are  subject  to  an  error  called 
pressure  lag  error.  This  error  exists  only  when  the  aircraft  in  which 
the  instruments  are  installed  is  changing  airspeed  or  altitude,  as  during 
an  acceleration  or  climb.  In  this  case,  there  is  a  time  lag  between  such 
time  as  the  pressure  change  occurs  and  when  it  is  indicated  on  the 
instrument  dial.  The  effect  on  the  altimeter  is  obvious;  as  the  aircraft 
climbs,  the  instrument  wiil  indicate  an  altitude  less  than  the  actual 
altitude.  In  the  airspeed  indicator,  the  lag  may  cause  a  reading  too 
large  or  too  small  depending  on  the  proportion  of  the  lag  in  the  total 
and  static  pressure  systems.  Converted  to  ’feet”  or  "knots",  this 
error  is  often  insignificant.  However,  it  may  be  significant  and  should 
be  considered  in  certain  maneuvers  such  as  high  speed  dives  and  ioom 
climbs  in  which  the  instrument  diaphragms  must  undergo  large  pressure 
rates.  Pressure  lag  is  discussed  in  detail  in  NACA  Report  No.  919, 
"Accuracy  of  Airspeed  Measurements  and  Flight  Calibration  Procedures," 
by  Wilbur  B.  Huston. 

Pressure  lag  is  basically  a  result  of: 

(1)  Pressure  drop  in  the  tubing  due  to  viscous  friction. 

(2)  Inertia  of  the  air  mass  in  the  tubing. 

(3)  Instrument  inertia  and  viscous  and  kinetic  friction. 

(4)  The  finite  speed  of  pressure  propogation;  i.e.,  acoustic  Lag 
A  detailed  mathematical  treatment  of  the  response  of  such  a  system 
would  be  difficult.  Fortunately,  a  very  simple  approach  is  possible 
which  will  supply  adequate  lag  corrections  over  a  large  range  of 
flight  conditions  encompassing  those  presently  encountered  in  the 
performance  testing  of  aircraft  in  this  approach,  it  is  assumed  that 
the  pressure  system  can  be  adequately  represented  by  a  linear  first 
order  equation: 


dP(t) 

'xr~ 


p,(t) 


A 
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4.  1 


where 


P  (f)  -  the  applied  pressure  at  time  (l).  This  is 

P5  in  the  case  of  the  altimeter  and  either  Ps 
or  P,'  in  the  case  of  the  airspeed  indicator. 

iri(t)  -  the  indicated  pressure  at  time  (t). 

7.  -  lag  c  onstant 

This  equation  is  derived  by  means  of  dimensional  analysis 

The  lag  constant  for  laminar  flow  of  air  in  tubing  can  be  expressed 


as : 

>  -- 

~~~  (1  + 

D2  tP  ^ 

where 

coefficient  of  viscosity  of  air, 

slugs  / ft  -  sec 

L  r 

length  of  tubing,  feet 

D 

diameter  of  tubing,  feet 

t 

ratio  of  specific  heats,  1.4  for 

ai  r 

P  - 

applied  pressure,  lbs/feet2 

Q  : 

3 

instrument  volume,  feet 

A  : 

c  ross  -  sec  t  ’  onal  area  of  tubing, 

feet^ 

Many  assumptions  are  made  in  the  formulation  of  the  differential 
equation  and  in  its  solution.  The  most  important  of  these  are: 

(1)  The  rate  of  change  of  the  applied  pressure  is  nearly  constant. 


P  (t)  r  Kt  4.3 

djp 

where  K  -  -  a  constant.  This  is  a  good  assumption. 

(2)  Laminar  flow  exists.  For  this  to  be  true,  it  is  necessary  that 
the  Reynolds  number  (Nr)  be  less  than  2000,  where 


Nr 


JL  I  dP 

/*•  P  dt 

for  a  given  installation.  In  typical  altimeter  and  airspeed  systems, 
a  Nr  of  500  is  seldom  exceeded  in  flight.  Therefore,  in  laboratory 
calibrations,  pressure  rales  greater  than  those  encountered  in  flight 
should  not  be  applied  or  erroneous  results  may  be  obtained. 

(3)  The  pressure  lag  is  small  compared  with  the  applied  pressure. 
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This  is  generally  the  case;  however,  at  very  high  altitudes  this 
assumption  becomes  critical. 

(4)  The  air  and  instrument  inertias  are  negligible. 

(5)  The  acoustic  lag  (T  )  is  negligible.  T*  is  defined  as  the  time 
for  a  pressure  disturbance  to  travel  the  length  of  the  tubing. 

Tr  =  -  4.  5 

c 

where 


L  =  length  of  tubing,  feet 

c  =  speed  of  pressure  propogation  in  the  tubing, 

1000  feet  per  second  for  small  diameter  tubing. 

In  flight  test  application,  the  acoustic  lag  cortribution  is  usually  small. 

However,  if  T  is  not  small  compared  to  >.  ,  this  assumption  is  not 

valid  and  a  more  detailed  analysis  such  as  that  outlined  in  NACA 

Report  No.  919  is  necessary. 

(6>)  The  pressure  drop  across  orifices  and  restrictions  is  negligible. 
This  is  true  only  if  a  minimum  of  such  restrictions  exist  so  that  the 
tubing  is  nearly  a  smooth,  straight  "pipe”  of  uniform  diameter. 

(7)  The  lag  constant  (\)  is  a  constant.  This  is  not  strictly  true  as 


"X.  06  p 


4. 6 


for  a  given  installation.  However,  over  a  small  pressure  range,  X 
is  nearly  constant  so  that  it  may  be  treated  as  such  in  the  solution 
of  equation  4.1. 

The  particular  solution  to  the  differential  equation  with  these 
assumptions  is: 


From  equation  4.3  and  4.7. 

pi  p  "  * 


4.8 


Solving  for  X  »  the  definition  of  the  lag  constant  is 


dP/dt 


4.9 
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The  lag  constant  for  a  given  static  or  total  pressure  system  can  be 
determined  experimentally  by  comparing  the  indicated  and  applied 
pressures  for  a  given  pressure  rate.  This  can  be  done  in  flight  or  in 
the  laboratory.  In  either  case,  the  test  should  be  conducted  over  a 
small  range  of  pressures  so  that  the  assumption  that  A  is  a  constant 
is  not  violated , 

When  the  lag  constant  at  one  value  of  /*! P  is  obtained,  it  may 
be  extrapolated  to  other  conditions  by  the  expression 


ll  =  dtlgj  4.10 

*2 

which  is  obtained  from  equation  4.6.  Usually,  the  test  results  are 
reduced  to  sea  level  standard  static  conditions.  Then  the  lag  constant 
at  any  value  of  /*  and  P  can  be  obtained  from  the  expression 


.  .  PSL 

x '  XsL  AT  p 


4.  11 


With  the  lag  constants  for  the  static  and  total  pressure  systems 
known,  the  error  in  altimeter  and  airspeed  indicator  readings  due 
to  pressure  lag  can  be  calculated  for  any  test  point  from  the  basic 
indicator  readings. 

Due  to  the  nature  of  the  approximations  made- in  this  analysis, 
is  generally  not  possible  to  assume  that  the  overall  lag  error 
correction  can  be  made  with  a  precision  of  more  than  80  percent 
Reduction  of  instrument  and  line  vdumes,  however,  can  usually 
reduce  the  system  lag  errors  under  any  set  of  conditions  to  a  small 
percentage  of  the  quantity  being  measured:  in  which  case,  more 
precise  corrections  are  not  required  for  practical  work. 


4.2  CORRECTION  OF  FLIGHT  TEST  DATA  FOR  LAG 


4.2.1  The  Altimeter: 

The  indicated  pressure  altitude  corrected  for  instrument 
error  (Hjc)  is  related  to  the  static  pressure  (P  )  by  the  differential 
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r 


equation: 

dPs  -  -  GpsdHlc  4.  It 

where  ps  =  the  standard  day  air  density. 

For  small  increments,  the  differentials  of  equation  4.12  may  be 
assumed  to  be  finite  differences. 


where 


AP 


AP 


&Jl  ~  "Gps^^ic^ 


4.  13 


si 


where 


and 


where 


Ps 


Ps 


sf. 


=  the  static  pressure  lag: 

=  (Ps  i  -Ps) 

static  pressure  corresponding  to  Hjc 
static  pressure  at  static  pressure  source 


4.  14 


&H1Cj£  -  altimeter  lag  error  correction: 
‘^Pici  '  (^ici  "  Pic) 


4.  15 


H1C 

Picj? 


-  indicated  pressure  altitude  corrected  for 
instrument  error 


indicated  pressure  altitude  corrected  for 
instrument  and  lag  error 

The  lag  constant  for  the  static  pressure  system  (  \s)  can  be 

defined  from  equation  4.9  as: 


Tis  _ 


_  r  s 


AP 


dP5i  /  dt 
With  the  approximation  that 


dPs£  /dt 


4.  16 


dP_^  =  dP3 


dt  dt 

equation  4. 16  can  be  written  as 

As  dP  s  /  dt 


4.  ]7 


4.  18 
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4.  19 


Substituting  for  AP aj  and  dPs/dt 

^Hir^  ~hs  "dt 
From  equation  4.11 

=  \SL, 


PaSL 


y/^SL,  PS 

where  ^sSL,  A6  constant  for  the  static  pressure  system  at 

standard  sea  level  conditions. 

For  convenience  in  plotting,  equation  4.  20  is  rewritten  as 


4.  20 


As  *  Assl 


AsSL 


1C 


where 


Aaiiic  =  Aiir 

AsSl.  ^SL 
/*• 

/^ic 


-As — 

A  sHic 


l.aSL 

Ps 


Tat 

TaS 


4.  21 


4.  22 


1.  23 


The  approximation  of  equation  4.23  is  very  good  for  the  usual  case 
where  the  difference  between  the  test  and  standard  day  temperatures 
is  small. 

Equation  4.22  is  plotted  as  the  ST ATIC  LINE  of  Chart  8.61 
in  the  form 

A  u 

- versus  HJC  for  Vjc  =  0  (STATIC) 

^SJL 

(The  parameter  Vic  included  on  this  chart  is  used  in  the  determination 
of  the  total  pressure  lag  constant.) 

Equation  4.23  is  plotted  in  Chart  8.62  as 


A 


versus  Hjc  for  tat(°C) 


>Hic 

In  summary,  the  calculation  for  altimeter  lag  error  correction 
(AHiCyf  )  at  any  test  point  (H1C,  tat,  dHjc/dt)  is  then: 

_  Ag  dH  ic 


AH 


ic 


To 


dt 


4.  24 
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where 


*sSL 


4.21 


s  >sSL  >sHic 

dHjc/dt  =  indicated  rate -of-climb  corrected  for  instrument 
error,  feet/minute 

=  sea  level  static  pressure  lag  constant,  from 
previous  calibration,  sec 


^sHjc 

*sSL 


from  Chart  8.61  for  Hic,  Vic  =  STATIC 


— - —  from  Chart  8.62  for  Hic,  tat  (°C) 

^sHic 

The  indicated  altitude  corrected  for  instrument  and  lag  error  is  then 


Hic^  -  Hic  +  ^Hic^  4-  25 

An  example  of  the  calculation  of  H^cj2  is  given  with  Chart  8.6. 

4,2.2  The  Airspeed  Indicator: 

The  differential  pressure  corresponding  to  the  indicated 
airspeed  corrected  for  instrument  error  may  be  given  as. 


qcic  =  Pt’  '  P« 


4.  26 


where 


Pt'  =  total  pressure  felt  by  the  total  pressure 
diaphragm  of  the  airspeed  indicator 

Ps  -  static  pressure  felt  by  the  static  pressure 
diaphragm  of  the  airspeed  indicator 

With  any  lag  in  the  total  and  static  pressure  systems  accounted  for, 


‘IciCyf  "  Pt'i  ^  a 


4.  27 


vvhere 


Pt’i  -  total  pressure  applied  to  total  pressure  source 
oi  pitot  static  system 

P3Jl  =  static  pressure  applied  to  static  pressure 
source  of  pitot  static  system 
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Defining  the  diiferential  pressure  error  due  to  lag  (Aq  .  )  as 

c  1C£ 


Aq 


cic£ 


^cic£  ^cic 


4.  28 


it  follows  from  equation  4.  9  that 

Aq  •  - 

~cic£ 


(p  '  -  p  1 
V  t  £  t 

')  -  (P  -  P  ) 
'  S£  s' 

dP  ' 

dP 

i  1 1  . 

X  _ 

\  Si 

s  dt 

4.  29 


Differentiating  4.  27  and  dividing  by  dt, 

dP 


dq  . 
^cic  it 


dt 

T  he  refore , 


dPt’* 

dt 


s  £ 


dt 


Aq  . 
let 


■  -  <x»- v 


dP 


s  £ 


dt 


With  the  approximations  that: 

dq  .  d  P 
let  _  mic 

"cTf  dt  ’  "clt"" 


Aq  •  „ 

etc  £ 


si 


dP 

s 

*ar 


equation  4.82  becomes 


Aq 


cic  it 


X 


dq 


dP 

SIS  -  (X  -  X  )* 
dt  v  s  t'^r 
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4.31 


4.  32 


4.  33 


With  the  use  of  the  altimeter  equation  4.  12  which  relates  dP  to  dH.  , 

n  s  ic 

and  the  airspeed  indicator  equation  (2.  12,  2.  13)  which  may  be  differentiated 

to  aive  dq  .  as  a  function  of  dV  and  V.  ,  equation  4.33  may  be  modified  to 
b  Mcic  ic  ic 

give  the  airspeed  indicator  lag  correction  factor  (AV.  c^)  in  terms  of  dV^/dt 

in  knots/sec  and  dH.  /dt  in  feet/min  as  ... 
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4.  36 


AV.  ,  =  V.  -  V. 

1C l  lCl  1C 

and  V.  -  indicated  airspeed  corrected  for  instrument  error 

1C 

V.  ^  =  inaicated  airspeed  corrected  for  instrument  and  lag  error 


This  may  be  written  as: 

dV.  (X  -  X  )  dH. 

Air  1  1C  .  S  t  1 


AV.  =  X  +  — - — X  F  (H.  ,  V.  ) 

ic  l  t  dt  60  dt  1  ic  ic 


where 
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1  ic  ic 
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for  V.  s  a  ,  and 
ic  SL 


["V-'f 


p  /it  v  \  _  _ s  SL _ 

V  ic’  ic’  "  3738.11 


(  ^)6[2(  AL)2  -  l] 


4.39 


for  V.  2  a^T  ,  where  a  and  p  are  measured  at  H.  .  F.(H.  ,  V.  ) 

ic  SL  s  rs  ic  J.  ic  ic 

ha9  been  plotted  versus  V^c  with  H.  as  the  parameter  in  Chart  8,63. 
As  in  the  case  of  the  altimeter, 


X  =  x  C7  • 

s  s  SL 


sSL  sH: 


Similarly, 


x  T-t— 

t5Lj  AtSLAtH:. 

J.w 


4.  21 


4.40 


where 


MHir  PaSL 
MSL  Ps  +  qcic 


4.41 


Equation  4.41  has  been  plotted  in  Chart  8.61  as 


4.  42 


T2^ 

Act 


versus  H.  for  V. 
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Equation  4.42  has  been  plotted  in  Chart  8.62  as 


versus  Hjc  for  tat(°C) 


In  summary,  the  calculation  for  airspeed  indicator  lag  error  correction 
(AVj cj>  )  at  any  test  point  (Hjc,  t at ,  Vic.  dVic/dt,  dHic/dt)  is  then: 


where 


AV1C^  -  \ 


Xs  =  \sl 


+  (  Xs  -  \)  dHj 

60  dt 


XsSL  ^«Hi 


>tS1  ff-LC-  - 

S  >tSL  XtHjc 


xFj  (Hic,  Vic)  4.4; 


4.21 
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dVlc/dt  =  indicated  acceleration  corrected  for  instrument 
error,  knots/second 

dH jc / dt  =  indicated  rate -of -c limb  corrected  for  instrument 
error,  feet/minute 

"XgSL  =  sea  level  static  pressure  lag  constant,  from 
previous  calibration,  seconds 

XtSL  =  sea  level  total  pressure  lag  constant,  from 
previous  calibration,  seconds 


from  Chart  8  61  for  Hjc,  Vic  =  STATIC 

>sSL 


Xt 

■\H1C 


— — —  from  Chart  8,62  for  H1C,  ta(°C) 

XsHlc 


— — —  from  Chart  8,61  for  H,r,  Vjc 

>tSL  1C 

F  l ( H i c >  Vjc)  from  Chart  8.63  for  H  ic  V1C 

Then  the  indicated  airspeed  corrected  for  instrument  and  lag  error  is 

Vic  J}  -  Vic  *  AVlcj?_ 
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Data  reduction  outline  7.  1  ia  included  in  Section  7  as  a  guide  in 
performing  this  calculation.  A  numerical  example  ia  given  with  Chart  8.6. 

4.3  DETERMINATION  OF  THE  LAG  CONSTANT 

With  the  aid  of  equation  4.2  it  is  possible  to  compute  theoretically 
the  lag  constants  for  an  aircraft  pitot-static  system.  The  lag  constants 
used  for  flight  corrections,  however,  should  not  be  computed,  but  should 
be  determined  experimentally,  either  in  flight  or  in  the  laboratory.  The 
computed  lag  constant  is  useful  only  as  a  rough  check  of  the  approximate 
magnitude  of  the  lag  error  that  may  be  expected  under  certain  flight 
conditions  . 

4.3.1  Laboratory  Calibration: 

The  lag  constant  (  A)  has  been  defined  in  a  previous  section  as 


where 

P  =  the  applied  pressure  at  time  t 
Pi  =  the  indicated  pressure  at  time  t 
This  equation  suggests  the  use  of  a  laboratory  procedure  to  determine  X 
in  which  a  steady  rate  of  change  of  pressure  is  applied  to  the  aircraft 
pitot-static  system  with  P,  P^  and  dP/dt  all  determined  as  a  function  of 
time . 

4.  3 .  1.1  The  Static  Pressure  Lag  Constant 

The  static  pressure  lag  constant  can  be  determined  by  the 
use  of  an  experimental  apparatus  similar  to  that  shown  in  Figure  4.  1 
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Schematic  of  Equipment  for  Determination 
of  Altimeter  Lag  Constant 


The  static  pressure  vent  on  the  probe  is  sealed  in  a  close  fitting 
enclosure.  An  altlmoter  far  pressure  gage)  is  mounted  on  a  photo-panel 
as  close  as  possible  to  the  enclosure.  Another  altimeter  (or  pressure 
gage)  is  connected  to  the  static  pressure  system.  Timing  counters 
operating  at  a  one-per-second  rate  from  an  intervalometer  are  installed 
as  shown  fn  the  figure.  The  pressure  in  the  enclosure  is  lowered  to  the 
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limit  of  the  adjacent  altimeter  by  means  of  a  vacuum  pump.  The  cameras 
and  intervalometer  are  started  and  the  needle  valve  is  opened  gradually  to 
maintain  a  dh/dt  of  about  5000  feet  per  minute. 

If  pressure  gages  are  used,  the  data  from  the  two  camera  films  is 
most  conveniently  plotted  in  accordance  with  equation  4.16  as  shown  in 
Figure  4. 2. 


dPa  /dt 

BL 

Here,  P8^  is  the  pressure  in  the  enclosure  and  P^  is  the  pressure 

Indicated  by  the  aircraft  static  pressure  system.  At  a  given  P  ,  X 

8  0 


Time,  t  (Sec) 


Figure  4. 2 

Plot  Used  to  Determine  Altimeter  Lag  Constant,  X^ 


If  altimeters  are  used  rather  than  pressure  gages,  it  is  convenient 
to  plot  the  data  in  accordance  with  equation  4.  19  (see  Figure  4.  3). 

X  .  Hlcl  -  Hlc 
■  dHlc/dt 

Again,  the  lag  constant  for  a  given  H^c  is  given  by  the  interval  between 
the  two  lines  representing  the  indicated  and  actual  simulated  altitudes. 


Figure  4.  3 

Plot  Used  to  Determine  Altimeter  Lag  Constant,  X. 

0 


The  value  for  obtained  at  any  altitude,  is  the  lag  constant  for 
the  static  pressure  corresponding  to  that  altitude  and  the  temperature 
of  the  room  in  which  the  test  was  conducted.  The  sea  level  static 
pressure  lag  constant  (  Xa_.  )  can  be  determined  from  the  relation 


X»SL  =  Xs 


asL 


lSL 


.45 
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where 


Ta  =  room  temperature 
Pg  =  pressure  in  the  enclosure 

This  equation  is  applied  to  a  number  of  pressures  of  Figure  4.2  or 
altitudes  of  Figure  4.  3.  From  this  information,  a  final  value  for  Xsgj_ 
is  selected.  In  general,  the  values  obtained  for  high  altitudes  will  be 
the  most  reliable,  as  Xg,  the  quantity  with  the  most  uncertainty,  is 
larger.  A  sample  format  for  the  determination  of  XsSL  *s  included  as 
data  reduction  outline  7.2. 


4.3.  1.2  The  Total  Pressure  Lag  Constant 

The  total  pressure  lag  constant  can  be  determined  hy  the  use 
of  a  somewhat  modified  apparatus.  In  this  case,  a  pressure  is  applied 
to  the  total  pressure  source  and  the  static  pressure  source  is  left  open 
to  pick  up  atmospheric  pressure.  Either  pressure  gages  or  airspeed 
indicators  may  be  used.  (If  airspeed  indicators  are  used  the  pressure 
applied  to  the  total  pressure  source  should  not  exceed  ambient  pressure 
by  an  amount  greater  than  the  qcjc  corresponding  to  the  maximum  VjC 
for  which  the  airspeed  indicator  was  designed.)  The  applied  pressure 
is  bled  off  slowly  to  give  the  change  in  pressure  (or  airspeed)  as  a 
function  of  time. 

If  pressure  gages  are  used,  the  data  may  be  plotted  in  accordance 
with  the  definition  of  the  total  pressure  lag  constant  (  Xt).  From  equation 


4.  9 

Xt  = 

dPt£'/dt 


4.  47 


where  Pt|£  is  the  pressure  in  the  enclosure  and  Pt'  is  the  pressure 
indicated  by  the  aircraft  total  pressure  system.  Such  a  plot  is  shown 
in  Figure  4.4. 
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Time,  t  (Sec) 


Figure  4. 4 

Plot  Used  to  Determine  Total  Pressure 
Lag  Constant,  X  t 


Here,  as  before,  the  total  pressure  lag  constant  at  a  given  P^  is 
equal  to  the  time  increment  between  P^'  and  Pfc . 

It  is  usually  more  convenient  to  use  airspeed  indicators.  With 
the  applied  static  pressure  held  constant,  dH^c/dt  *  0;  therefore, 
from  equations  (4.  34,  4.  35) 

%  _  AVlc><  _  Vic£  ‘  Vic 

1  "  dVic/  dt  "  dVlc/dt 

Hence,  the  data  can  be  plotted  as  in  Figure  4.  5.  Then,  the  total 
pressure  lag  constant  at  a  given  V. „  is  equal  to  the  time  increment 
between  Vic  and  Vici‘ 


.48 
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Figure  4.  5 

Plot  Used  to  Determine  Total  Pressure 
Lag  Constant, 


The  value  for  X.^  obtained  at  any  airspeed  is  the  lag  constant  for 
the  total  pressure  corresponding  to  that  airspeed  and  the  temperature 
of  the  room  in  which  the  test  was  conducted.  The  sea  level  total 
pressure  lag  constant  is  then  obtained  from  the  relation 


where  qc^c  =  f(V^c)  an<^  ifl  given  in  Table  9.6.  A  sample  format  for 
the  determination  of  the  sea  level  lag  constant  is  included  as  data 
reduction  outline  7.3. 

4.3.2  In-Flight  Calibration: 

Little  experience  has  been  obtained  with  in-flight  methods 
for  determining  lag  constants.  However,  since  ground  calibrations 
must  be  extrapolated  to  altitude  where  lag  constants  are  much  greater, 
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in-flight  calibrations  do  have  an  obvious  advantage  in  that  they  can  be 
determined  more  accurately  provided  suitable  measurements  can  be 
made.  Special  equipment  which  is  not  generally  available  is  necessary, 
however.  Using  in-flight  methods,  tapeline  altitude  is  measured  while 
the  aircraft  is  changing  flight  conditions  rapidly,  as  during  a  maximum 
power  climb.  (These  measurements  are  perhaps  best  made  with 
Askania  cameras.)  Tapeline  altitudes  are  then  converted  to  pressure 
altitudes  by  means  of  radiosonde  data.  A  special  installation  must  be 
made  in  the  aircraft  to  provide  correlation  of  altitudes  recorded  on 
the  ground  to  those  recorded  in  the  aircraft. 

4.  3. 2.1  The  Static  Pressure  Lag  Constant 

The  static  pressure  lag  constant  can  be  determined  in  flight 
as  the  aircraft  climbs  or  dives.  The  indicated  altitude  (Hj)  is  compared 
to  the  pressure  altitude  (Hc)  where 

Hc  =  Hi  +  AHic  +  AHic  ji  +  AHpc  4.  50 

where 

AHic  =  altimeter  instrument  error  correction  corresponding 
to  Hi 

AHicj?  "  altimeter  lag  error  correction  corresponding 
to  Hie 

AHpC  =  altimeter  position  error  correction  corresponding 
to  Hic^ 

The  altimeter  lag  error  correction  is  determined  as 


AHic;=  Hc  -  Hic  -  AHpc 

With  AHic^  known,  the  static  pressure 
from 


-s  _  AHici 
As 

dHic/dt 


4.  51 

lag  constant  can  be  determined 

4.  45 


dHjc/dt  can  be  determined  from  a  time  history  of  the  test 
aircraft  altimeter.  The  rate -of -climb  indicator  can  be  used  but  it 
may  introduce  considerable  error  as  it  is  subject  to  lag  error.  The 
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pressure  altitude  at  which  the  test  aircraft  is  operating  (Hc)  can  be 
determined  either  by  the  use  of  a  pacer  aircraft  or  by  radar  tracking. 

These  methods  are  discussed  in  Section  5.6.  The  altimeter  position 
error  correction  (AHpC)  must  be  known  from  a  previous  calibration. 

The  use  of  this  method  is  limited  by  the  accuracy  with  which 
AHicX  can  be  determined.  This  requires  that  the  position  error 
correction  and  the  pressure  altitude  must  be  known  with  considerable 
accuracy,  for  it  is  quite  possible  that  the  error  due  to  pressure  lag 
can  be  completely  hidden  by  errors  in  these  quantities.  Therefore, 
lag  constants  determined  by  this  method  should  not  be  accepted 
without  some  reservation. 

4.  3.  2.  2  The  Total  Pressure  Lag  Constant 

Inflight  methods  for  determining  the  total  pressure  lag  constant 
are  not  present’ y  used  due  to  difficulty  encountered  in  the  measurement 
of  the  calibrated  airspeed  with  sufficient  accuracy.  The  airspeed 
indicator  lag  error  correction  has  been  expressed  as 


AVici  =Xt^ 


+  (  -  X,)  *  Fl(Hlc.  Vic)  4.37 


dt  '  °  dt  *'***C»  *  1C 

Several  flight  procedures  are  theoretically  possible  by  which  Aj, 
can  be  determined 

(1)  Level  acceleration  (dHjc/dt  =  0) 

AV 


At 


dVic/dt 


4.  52 


(2)  Climb  or  dive  at  constant  Vjc  (dVjc/dt  =  0) 
>.  -  — ^ - 


4.  53 


dHic/dt  x  F i(Hic,  Vic) 

(3)  Climb  or  dive  at  a  constant  acceleration  or  deceleration 


At  -- 


AVic/  -  Ag 


dHu 

dt 


x  F  i(Hic,  Vic) 
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r  _  dHjc 
dt  dt 


F^Hic,  Vic) 
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In  all  of  these  procedures,  it  is  necessary  to  determine 
where 

AVicJe  =  Vc  -  Vic  -  AVpc  4.55 

Tracking  methods  are  not  reliable  to  give  velocities  accurately  and 
the  pacers  are  not  calibrated  for  lag;  therefore,  it  is  not  possible  to 
obtain  Vc  with  sufficient  accuracy  to  give  a  reliable  AV^cJ^  and  hen«e 

Af 
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SECTION  5 

POSITION  ERROR  -  THEORY  AND  CALIBRATION 


In  addition  to  instrument  error  and  pressure  lag  error,  the  altimeter 
and  airspeed  indicator  a’-  subject  to  another  error  called  position  error. 
Once  corrections  for  instrument  and  pressure  lag  error  have  been  made, 
position  error  may  be  accounted  for  and  suitable  corrections  made. 

Under  steady  level  flight  conditions  there  is  no  lag  error,  in  which  case 
position  error  corrections  can  be  made  directly  following  the  instrument 
error  correction. 

5.  1  ORIGIN  OF  POSITION  ERROR 

Determination  of  the  pressure  altitude  and  airspeed  at  which  an 
aircraft  is  operating  is  dependent  on  the  measurement  of  free  stream 
impact  pressure  and  free  stream  static  pressure  by  the  aircraft  pitot- 
static  system  as  evidenced  by  equations  (2.  1,  2.  2)  and  (2.  10,  2.  11). 
Generally,  the  pressures  registered  by  the  pitot-static  system  differ 
from  free  stream  pressures  as  a  result  of: 

(1)  The  existence  of  other  than  free  stream  pressures  at 
the  pressure  source. 

(2)  Error  in  the  local  pressure  at  the  source  caused  by  the 
pressure  sensors. 

The  resulting  error  is  called  position  error.  In  the  general  case, 
position  error  may  result  from  error  at  both  the  static  and  total 
pressure  sources.  For  most  flight  test  work  it  may  be  presumed  that 
all  of  the  position  error  originates  at  the  static  pressure  source.  The 
possibility  of  a  total  pressure  error  must;  however,  always  be  considered. 

5.1.1  Total  Pressure  Error: 

As  an  aircraft  moves  through  the  air,  a  static  pressure 
disturbance  is  generated  in  the  air  producing  a  static  pressure  field 
around  the  aircraft.  At  subsonic  speeds,  the  flow  perturbations  due 
to  the  aircraft  static  pressure  field  are  very  nearly  isentropic  in 
nature  and  hence  do  not  affect  the  total  pressure.  Therefore,  as  long 
as  the  total  pressure  source  is  not  located  behind  a  propeller,  in  the 
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wing  wake,  in  a  boundary  layer,  or  in  a  region  o£  localized  supersonic 
flow,  the  total  pressure  error  due  to  the  position  of  the  total  pressure 
head  in  the  aircraft  pressure  field  will  usually  be  negligible.  Normally, 
it  is  possible  to  locate  the  total  pressure  pickup  properly  and  thus  avoid 
any  difficulty.  This  is  most  desirable  as  such  things  as  localized 
supersonic  flow  regions  produce  rather  erratic  readings. 

An  aircraft  capable  of  supersonic  speeds  should  be  supplied  with 
a  nose  boom  pitot -static  system  so  that  the  total  pressure  pickup  will 
be  located  ahead  of  any  shock  waves  formed  by  the  aircraft.  This 
condition  is  essential  for  it  is  difficult  to  correct  for  total  pressure 
errors  which  result  when  oblique  shock  waves  exist  ahead  of  the  pickup. 
The  shock  wave  due  to  the  pickup  itself  is  considered  in  the  calibration 
equation  (2.  10,  2.  1  1)  discussed  in  Section  2.  2. 

Failure  of  the  total  pressure  sensor  to  register  the  local  pressure  may 
result  from  the  shape  of  the  pitot -static  head,  inclination  to  flow,  or  a 
combination  of  both.  Pitot-static  tubes  have  been  designed  in  many 
varied  shapes.  These  tubes  are  tested  in  wind  tunnels  before 
installation  to  assure  good  design  Some  are  suitable  only  for  relatively 
low  speeds  while  others  are  designed  to  operate  in  supersonic  flight  as 
well.  Therefore,  if  a  proper  design  is  selected  and  the  pitot  lips  are  not 
burred  or  dirty,  there  should  be  no  error  in  total  pressure  due  to  the 
shape  of  the  probe.  Errors  in  total  pressure  caused  by  the  angle  of 
incidence  of  a  probe  to  the  relative  wind  are  negligible  for  most  flight 
conditions.  Commonly  used  probes  produce  no  significant  errors  at 
angles  of  attack  or  sideslip  up  to  approximately  20  degrees.  This 
range  of  insensitivity  can  be  increased  by  using  either  a  shielded  or 
a  swivel  head  probe. 

5.1.2  Static  Pressure  Error: 

The  static  pressure  field  surrounding  an  aircraft  in  flight  is  a 
function  of  speed  and  altitude  as  well  as  the  secondary  parameters,  angle 
of  attack,  Mach  number,  and  Reynolds  number.  Hence,  it  is  seldom 
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possible  to  find  a  location  for  the  static  pressure  source  where  the 
free  stream  pressure  will  be  sensed  under  all  flight  conditions.  Therefore, 
an  error  in  the  measurement  of  the  static  pressure  due  to  the  position 
of  the  static  pressure  orifice  in  the  aircraft  pressure  field  will  gene  rally 
exist . 

At  subsonic  speeds,  it  is  often  possible  to  find  some  position  on  the 
aircraft  fuselage  where  the  static  pressure  error  is  small  under  all 
flight  conditions.  Therefore,  aircraft  limited  to  subsonic  flight  are 
best  instrumented  by  the  use  of  a  flush  static  pressure  port  in  such  a 
position.  The  problem  of  the  selection  of  an  optimum  static  pressure 
orifice  location  is  discussed  in  NACA  Report  919,  "Accuracy  of  Airspeed 
Measurements  and  Flight  Calibration  Procedures", 

Aircraft  capable  of  supersonic  flight  should  be  provided  with  a  nose 
boom  installation  to  minimize  the  possibility  of  total  pressure  error. 

This  position  is  also  advantageous  for  the  measurement  of  static  pressure 
as  the  effects  of  the  aircraft  pressure  field  will  not  be  felt  ahead  of  the 
aircraft  bow  wave.  Therefore,  at  supersonic  speeds  when  the  bow  wave 
is  located  downstream  of  the  static  pressure  orifices,  there  will  be  no 
error  due  to  the  aircraft  pressure  field  (See  Figure  5.  1). 
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Static  Pressure 
Ports 


Figure  5.1 

Bow  Wave  of  Supersonic  Aircraft  That  Has 
Passed  Behind  Static  Pressure  Ports 


Any  error  which  will  exist  is  a  result  of  the  probe  itself.  Hence, 
the  calibration  at  supersonic  speeds  may  be  derived  from  wind  tunnel 
tests  on  the  probe,  or  flight  tests  of  the  probe  on  another  aircraft. 
Assuming  the  head  registers  the  local  static  pressure  without  error, 
any  error  which  exists  is  a  result  of  interference  from  shoulder  on  the 
boom  installation,  or  of  Influence  on  the  static  pressure  from  the  shock 
wave  in  front  of  the  boom.  Available  evidence  suggests  that  free 
stream  static  pressure  will  exist  if  the  static  ports  are  located  more 
than  8-10  tube  diameters  behind  the  nose  of  the  pitot-static  tube  and 
4-6  diameters  in  front  of  the  shoulder.  (See  Figure  5.2). 


'  Figure  5.  2 

.Detached  Shock  Wave  in  Front  of 
Pitot-Static  Probe 

In  addition  to  the  static  pressure  error  introduced  by  the  position  of 
the  static  pressure  orifices  in  the  pressure  field  of  the  aircraft,  there 
may  be  error  in  the  registration  of  the  local  6tatic  pressure  due 
primarily  to  inclination  of  flow.  Erro-  t  ue  to  sideslip  is  often  minimized 
in  the  case  of  flush  static  ports  by  the  location  of  holes  on  opposite  sides 
of  the  fuselage  manifolded  together.  In  the  case  of  boom  installations, 
circumferential  location  of  the  static  pressure  ports  will  reduce  the 
adverse  effect  of  sideslip  and  angle  of  attack.  The  use  of  a  swivel  head 
also  reduces  this  form  of  error. 

5.  2  DEFINITION  OF  POSITION  ERROR 

From  the  previous  discussion  it  is  seen  that  position  error  is 
created  at  the  static  pressure  source  by  the  pressure  field  around  the 
aircraft.  It  should  be  borne  in  mind  that  position  error  in  the  total 
source  may  exist,  resulting,  for  instance,  from  imperfections  in  the 
pitot  tube.  Sufficient  airspeed  calibrations  should  always  be  made  on 
test  aircraft  to  determine  the  possible  exislancc  of  position  error  in 
the  total  pressure.  Since  in  nearly  all  installations  this  d  .-rs  not  occur 
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the  following  derivations  consider  pressure  error  in  the  static  source 
only. 

The  relation  of  static  pressure  at  any  point  within  the  pressure  field  of 
an  aircraft  to  the  free  stream  static  pressure  depends  on  Mach  number 
(M),  angle  of  attack  («<),  sideslip  angle  ((3),  Reynolds  number  (Nr)  and 
Prandtl  number  (Np^). 


pS-  =  *1  (M.  p,  Nr.  Npr) 


5.  1 


(The  symbol  f  denotes  a  functional  relationship  which  is  usually 
different  each  time  it  appears).  Defining  the  position  error,  APp,  as 

APp  =  P8  -Pa  5.2 

equation  5.  1  can  be  written  as 


=  f2  (M.  rf.p.  Nr.  Npr)  5.3 

Sideslip  angles  can  be  kept  small;  Npr  is  approximately  constant;  and 
Nr  effects  are  negligible  as  long  as  the  static  pressure  source  is  not 
located  in  a  thick  boundary  layer.  Henc**,  equation  5.3  can  be  simplified 
to 


*  *3  (M,  «*) 

With  no  loss  in  generality,  this  equation  can  be  changed  to  read: 


5.4 


with 


where 


APp 

^cic 


f4(Mic,  CLic) 


5.  5 


Mic  -  fs 
Cj_,ic  =  - 


SIS. 
1  Ps 
nW 


ifPsMic 


) 


2 


S/2 


nW  J_  J. _ 

Tic  Mic2  fSPaSL 


2.26,  2.27 
5.6 


qcic  =  indicated  differential  pressure,  P^'  -  P8 
n  =  load  factor 

W  -  airplane  gross  weight 
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^  «=  ratio  of  specific  heats,  1.4  for  air 

S  »  wing  area,  constant  for  a  given  airplane 
^ic=  pressure  ratio  corresponding  to  Hjc,  Ps/PaSL 
The  term  ^3p/tlcic  *8  termed  the  position  error  pressure  coefficient, 
and  is  very  useful  in  the  reduction  of  position  error  data  From  the 
definition  of  Cl1c 


Frequently  weight  and  load  factor  effects  may  be  neglected  when 
presenting  position  error  data;  however,  for  aircraft  carrying  large  fuel 
loads  and  whose  weight  accordingly  may  change  markedly  during  the 
course  of  a  flight  or  for  aircraft  in  windup  turns,  the  "nW"  effects 
should  be  taken  into  account. 

Consequently,  when  the  relationship  between  the  variables  in  equation 
5.  7  has  been  determined  by  means  of  a  calibration,  the  following  chart 
can  be  prepared  for  all  weights  and  all  load  factors  for  the  given  aircraft 
in  a  given  configuration. 


Indicated  Mach  Number  Corrected  for 
Instrument  Error,  M^c 


Figure  5. 3 

Non-Dimensional  Plot  of  Position  Error  Data 
to  Include  Weight  and  Load  Factor  Variation 


5.  3  RELATIONSHIP  BETWEEN  VARIOUS  FORMS  OF  THE  POSITION 
ERROR 


The  static  pressure  position  error  (AP^)  causes  error  in  the 
altimeter  and  airspeed  indicator  readings  and  in  the  Mach  number 
calculated  from  these  quantities.  The  resulting  errors  are  designated 


AH 


AV  and 
P 


where 


AMp  respectively: 


^p  =  Hic 


-  H 


5.8 


H  =  pressure  altitude 
c 

Hjc  =  indicated  pressure  altitude  corrected  for  Instrument 
error 


where 


avp  * 


5.9 


Vc  =  calibrated  airspeed 

Vic  =  indicated  airspeed  corrected  for  instrument  error 
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5.  10 


AMp  =  Mjc  -  M 

whe  re 

M  =  Mach  number 

Mjc  =  indicated  Mach  number  corrected  for  instrument 
error 

(In  these  definitions  it  is  assumed  that  there  is  no  lag  error.)  In  general, 
it  is  more  convenient  to  work  with  position  error  corrections  rather  than 
with  the  error  itself,  or 


AH  pc 

=  Hc  -  H1C 

=  -AHp 

5.  1 1 

^Vpc 

*  Vc  -  Vic 

=  -AVp 

5.  12 

AMpc 

=  M-Mic  = 

-AMp 

5.13 

It  can  be  seen  that  the  corrections  are  added  to  the  indicated  quantities 
to  obtain  the  actual  quantities  . 

When  the  position  error  is  produced  entirely  by  pressure  coefficient 
variation  at  the  static  source,  it  is  possible  to  relate  altimeter  position 
error  directly  to  airspeed  and  machmeter  position  errors  (since  in 
most  installations  the  altimeter  and  airspeed  indicator  utilize  the  same 
static  source).  It  is  possible  to  develop  equations  relating  APp,  AHpC> 
AVpC,  AMpC,  and  APp/qCJC.  This  is  the  subject  of  the  following  section. 


5.3,1  APp  and  AHpC 

’’’he  differential  pressure  equation  for  the  altimeter  can  be 
written  as 


where 


dPs  -  -GPsdHic  5'14 

=  -0  00108130--  5.  15 

dHlc 

dPs  =  differential  static  pressure,  "Hg 

dHic  =  differential  indicated  pressure  altitude  corrected 
for  instrument  error,  feet 

ps  =  standard  day  air  density  at  Hic,  slugs/feetJ 
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G  =  gravitational  constant,  32.  17405  feet/second^ 

ffs  =  standard  day  air  density  ratio  at  Hjc,  Pg/pgL 

In  the  case  of  small  errors,  these  differential  quantities  may  be  treated 
as  finite  differences.  In  this  case. 


dP c  -  Ps  -  Pa  =  APd,  "Hg 


cLHi 


Hi r  -  H, 


‘1C  “  rllC  ■ 

With  this  approximation 


AHp  =  -  AHpc 


AP 


AH 


a  =  0.001081 3a-, 


pc 


"Hg 

feet 


where  er <?  is  the  standard  day  air  density  ratio  at  Hjc.  Then 
AP, 


5.  16 
5.  17 

5.  18 

5.  19 


This  approximation  is  good  for  small  errors,  say  AHpC  ^  1000  feet, 
but  cannot  be  used  for  large  errors  without  introducing  some  error. 

The  exact  relationship  between  APp  and  AHpc  can  be  obtained  by 
insertion  of  </s  =  f(H),  equation  1.  10,  1.13  into  the  altimeter  equation 


1. 6  and  integrating 
2 


h 


P2  -  Pj  =  -0.0010813  \<t  dH 


5.  20 


1  1 
where  1  represents  the  actual  quantity  and  2  represents  the  indicated 
quantity.  With  this  nomenclature 


Hence 


where 


a  p 
Hie 


APp  =  -0.0010813 


>5 

Hr 


or  dH 


<r  =  (1  -  6.87535  x  10’6H)4'2561 


5.  21 


5.  22 


1.  10 


for  H  ^  36,  089  feet,  and 


_  0  29707  -4.80634  x  10"5  (H  -  36,089.24) 


\ 


1.  13 


for  H  i  36,089  feet.  Performing  this  integration  and  expanding  in 
terms  of  AHpC  by  use  of  the  Binomial  theorem,  an  infinite  series  is 
obtained.  Fortunately,  only  the  first  two  terms  are  significant.  With 
this  simplification,  the  result  can  be  expressed  as 

=  O-0010813^.  5.23 

* 

where  crs  is  measured  at  (Hjc  +  — )• 

,  AH  4.2561 

crs  =  1  -  6.87535  x  10’6  (Hlc  +  )  5.24 

AH 

for  (H^c  +  Pc  )  ^  36  089  feet.,  and 

trg  =  0.29707e‘4, 80634  x  10  5  f(Hic  +  )“36,  089. 

5. 

AH 

for  (Hic  +  — 2^^ )  —  36,  089  feet.  Equation  5.23  is  plotted  in  several 
forms: 


APp 

AHpc 

versus  Hic  for  AHpc 

8.7 

AHpc 

versus  Hjc  for  APp 

00 

GO 

AHpc 

versus  APp  for  H^ 

8.  1 3 

Another  way  to  determine  APp  from  AHpC  is  to  find  the  values 
for  Ps  and  Pa  in  the  Standard  Atmosphere,  Table  9.2  or  9.3, 
corresponding  to  Hjc  and  Hc  and  subtract. 

Example: 

Given:  Hjc  =  17,  140  feet  AHpc  =  550  feet 

Required:  APp  in  "Hg 

Solution: 

Hc  =  Hic  +  AHpc  =  17,  690  feet 
F rom  T able  9.3: 

Ps  =  15.  480  "Hg;  Pa  =  1  5.  1  34  "Hg 
APp  =  Ps  -  Pa  =  0. 346  "Hg 


24] 
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5.3.2  APp  and  AVp^; 

An  approximate  expression  for  the  relationship  between  APp 
and  AVpc  can  b<  obtained  by  taking  the  first  derivative  of  the  standard 
airspeed  indicator  equation,  and  considering  the  derivative  to  be  a 
finite  difference.  The  resulting  equation  is  good  for  small  errors,  say 
AVpc  10  knots  The  standard  airspeed  indicator  equation  is  given 
in  Section  2  as 


Sc. 


in. 


paSL 

for  Vjc  ^  aSL*  and 


fl  to. 


V  2 
2  (lit) 

-aSL 


3.5 


(vic  \ 

W  '  -  lto6«921  ^aSI  J 

PaSL 


2.  5 


[7  ' :  ] 
for  Vic  aSL*  The  definition  of  qcic  is 


-  1 


2.  12 


2.  13 


qCic  =  Pt'  -  Ps  5.26 

With  no  error  ,.n  the  total  pressure,  equation  5.26  can  be 
differentiated  to  give 

d(qcic)  --  -d(Ps)  5.27 


Differentiating  equation 

2.12  and  replacing  dqr^c  by  its 

equivalent,  -dPs,  £,ives 

the  result: 

dPf,  ..  1. 

4PaSL  V^r 

2.  5 

dVic 

aSL  aSL 

for  Vic  <  aSL 


where 

dPs  =  differential  static  pressure 
dVic  =  differential  airspeed 
Assuming  the  derivatives  to  be  finite  differences 

dP8  =  P8  -  pa  5.29 
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5.  30 


dVic  =  Vic  -  Vc  =  AVp  =  -AVpc 
With  this  approximation 


AP 

AV 


pc 


.  liljUsL  Vic_  f1  +  0.  2(Yi£_  )2  ' 

aSL  aSL  L  aSL  -1 

for  Vic  ^  asL..  Similarly,  for  the  case  that  Vic  ~  -aSL 

w  L2(Sf)2-‘] 

aSl/  - - - - 

F  (?*■  >  -  >1 

L  aSL  J 


2.  5 


5.  31 


AP 


SV 


St-  =  52.854  ( 


pc 


3.  5 


Then 


APD  =  ($Sm.avpc 


'AV 


5.  32 


5.  33 


pc 


The  exact  expression  relating  APp  and  AVpC  is  derived  in  the 
following  manner  for  the  case  when  no  error  in  the  total  pressure 
source  exists . 

qcic  =  Pt’  -Ps  =  f(Vic)  2*12.  2.13 

For  the  case  of  no  position  error 

qc  =  Pt’  -  Pa  =  f(Vc)  2.  10,  2.  11 


as  qcic  =  qc  and  Vjc  =  Vc  with  no  position  error.  Now 

APp  =  Ps  ~  Pa  =  (pt’  *  Pa)  -  (Pt’  -  ps)  --  qc  *  qcic 

Therefore, 

APp  =  qc  -  qcic  =  f(Vc)  -  f(Vic)  5.34 

Since  Vc  =  Vic  +  AVpc,  it  is  possible  to  expand  the  right  hand  side 
of  this  equation  into  a  series  for  AVpc  by  use  of  the  Binomial 
Theorem.  The  resulting  series  may  be  discontinued  after  the 
second  term  with  no  loss  in  accuracy  for  AVpc  £  50  knots.  The 
resulting  equation  takes  the  form 


AP 

AV 


ft 

pc 


1 . 4P 


aSL 


*SL 

+  0--7p*sl 

aSL 


aSL 


1+0.2  (^-) 

aSL 


212.5 


5.  35 


-Vic 


1  +  0 . 2(  AJLSL,  ) 
aSL 


l.  V 


l  +  l.2(^i£-)2l 

'  a  i-'t 


AV 


£C 


aSL  J  aSL 
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for  vic^  aSL,  and 


AP 

AV 


pc 


52.854(YiE.) 

aSL 


6 


5.36 


+ 


52. 854( 


Vic 

aSL 


5 

) 


+  3 


14.5 

‘J 


aSL 


for  Vjc  ^  aSL-  Note  that  the  first  term  is  identical  with  that  obtained  by  the 
approximate  method.  The  second  term  may  be  considered  as  a  correction 
to  the  first  term  that  must  be  applied  for  large  AVpc- 

Equation  (5.  35,  5.  36)  has  been  plotted  in  several  forms  for  the 
convenience  of  the  reader 


• 

APp 

AVPc 

versus 

Vic  for  AVpC 

Chart 

8.  9 

APp 
AV  pc 

versus 

Yjc  for  APp 

Chart 

8.  10 

“^Vpc 

versus 

APp  for  Vic 

Chart 

8.  13 

5.3.3  AVpC  and  APp/q-lc: 

The  position  error  pressure  coefficient  is  very  useful  as  a 
parameter  in  high  speed  flight  (Mic>0.6).  To  facilitate  obtaining 
APp/qcic  frorn  AVpC,  a  graph  of  AVpC  versus  V1C  for  APD/qclc  is  plotted 
as  Chart  8.  11.  This  chart  is  determined  Irom  the  following  considerations. 

APp  ...  (APp/PaSL) 

qtlc  (qcic/paSL)  5.37 

F rom  equations  15,  3  5,  6.36,  2.12,  2.13  ,  and  5 .  37) 
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5.38 


for  Vic  5:  aSL> 

5.3.4  AHpr  and  AVpr: 

When  working  with  small  errors,  say  AHpc  1000  feet  or  A.V  pc 
knots,  the  value  of  AHpc  can  be  determined  from  AVpc,  or  vice  versa,  by  tn> 
following  relation  which  is  obtained  by  dividing  the  approximate  equations 
(5.  35  and  5.  36)  by  5.  22. 


A&c 

A^pc 

58.546 

<r% 

fe) 

Hif]  “ 

5.40 

'  Vic  ^  aSL»  and 

9 

AHgc  _ 

48,880 

6 

[1 L«\ 

2(— )  "  1 
\  osl' 

5.41 

AVpc 

<r* 

l  °SL ' 

T/V  \2  l3-5 

L7  (£)  -  ’J 

for  Vic  St  a5jj(  where  cr3  is  measured  at  Hjc.  This  equation  has  been  plotted 
in  Chart  8.  12  as  AHpc/AVpC  versus  Vjc  for  Hjc. 
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For  the  case  of  larger  errors  where  equations  5.18  and  5.31,  5.32 
arc  not  valid,  the  resulting  equation  5, 40,  5 , 4 1  and  Chart  8 . 1  2  are  of 
course  not  valid.  In  this  case,  one  should  use  Chart  8.13  which  is 
developed  from  the  following  relation  which  in  turn  is  obtained  by 
consideration  of  equations  5.  35,  5.  36  and  5.  23. 


APp  =  0. 0010813  as  AHpc 


=  1.4PaSL 


s 

Vic 

aSL 


1  +  0.  2(2^A  ) 

ASL 


2  1  2.  5 


for  V1C-  agL-  and 


] 

0.7PaSL  [l+O.Zf^,2]1' 
+ 


AV 


SL 


=7  1168. 45  PaSL 


aSA 


[7‘ V  -  *] 


3.  5 


+  1 1 68 .  45  PaSL  (^f )"  [7( 


5.42 


/ V ic  6  )2  -  ll  5.43 

(~“)  L'aSI_  '  J  a5L 


V,v  ,4  .  .  ,V ic  2 


)  -  4.  5(— ^-c-) 

_aSL  .  >SLi 


3  AV 


t<^>2  ■ 1  r 


for  V1C  £  aSL 

where  os  is  measured  at  (Hjc  + — •  Chart  8.13  is  in  ihe  form  of 
AVpC  versus  APp  for  V1C  and  APp  versus  AHpt  for  Hjf  ,  or  simply 
AVpC  versus  AHpC;  for  Vic  and  H;t. 
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The  Mach  number  equation  may  be  written  as 


for  Mic  - 


?  3  5 

(1  +  0. 2Mic^)  ‘ 


1.00,  Differentiating,  with  P^'  constant. 


5.  44 


dP„  =  _  1 . 4P s  Mic 

dMic  (1  +  0. 2M1CZ)  5‘  45 

Making  the  approximations 

dPs  =  Ps  *  Pa  =  APp  5.46 

dMlc  =  M1C  -  M  =  AMp  =  -AMoc  5,47 

the  relation  between  the  static  pressure  erro'  and  the  Mach  number 
position  correction  is  obtained. 

APp  =  1.4PsMjc  5.48 

AMPC  (l+0.2Mic2) 


This  approximate  equation  is  valid  for  small  errors.  The  Mach  number 
position  correction  can  be  related  to  the  altimeter  position  correction 
by  dividing  equation  5.  22  by  equation  5.  52  and  introducing  the  perfect 
gas  equation  1.3. 


AM 


AH 


=  0.007438  -1  l0,??icZ) 


pc 


Pas  ^ic 


for  M1C  —  1.00,  where  Tas  is  the  standard  day  temperature 
corresponding  to  Hic> 

In  the  supersonic  case,  Mjc  ^  1.00 


Pt' 

Ps 


166.  921M 


ix — 


i  *  A  5 
-/ 


( ^Mic 

Proceeding  as  in  the  subsonic  case 


APn 

AMr 


pc 


7Ps(2Mjc  2  -  i) 
MJC  ( 7Mic 2  -  1) 


5.49 


5.  50 


5.  51 
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and 


IT  =  0,001488  Mifi.  iZMl£ — Li! 

C  Tas(^Mic2  "  1) 


5.  52 


for  Mic  —  1. 00,  where  Tas  corresponds  to  Hjc. 

Equation  5.49,  5. 52  has  been  plotted  in  Chart  8 .  14  in  the  form: 

AMpC/AHpc  versus  Mic  for  Hjc  Chart  8.  14 

Chart  8.  14  and  the  above  equations  on  which  it  is  based  are  valid  only 
for  small  errors,  say  AMpC  <.0.04  or  AHpC  <1000  feet. 

For  larger  errors,  a  better  approximation  is  necessary.  The  exact 
result  can  be  obtained  from  the  following  analysis.  In  general,  for 


Mic  -  1.00. 


(1  +  0.2Mic2)3-5 


5.  53 


For  the  case  of  no  position  error. 


-  (1  +  0. 2M2)3*  5 


5.  54 


With 


APP  =  Ps  -  Pa 


—  M  "  M 

it  is  possible  to  express  the  exact  relationship 
AP 

P  =  f(Mic,  AMpc) 


5.  17 


5.  55 


Expanding  by  the  Binomial  Theorem  and  retaining  the  first  two  terms 
yields  the  result 


APp  _  1.4MicAMpc  +  0. 7(1  -  1. 6Mic4)  AJ 
Ps  (l+C.2Mic2)  (l+0.2Mic2)2 


5.  56 


for  Mic  —  1.00.  Similarly  for  the  supersonic  case  (M^c^  1 . 00) 

APp  =  7(2M1C2  -  1 ) AMpc  _  7(21Mir4- 23. 5Mjc2  +  4)AMDC2 
P ®  Mic  (7Mic2  -  1)  Mic2  (7Mic2  -  l)2 


5.  57 
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The  final  result  is  obtained  by  dividing  equation  5.  27  by  equations  5.60, 
5.61 


=  0.0010813 


5.  58 


1. 4MjcAMpr  0.  7(1  -  1. 6Mic2)AMpr_Z 
(1  +  0.2M1C2)  (1  +  0.2Mic2)2 


for  Mjc  —  1 . 00,  and 


0.0010813  pS.  AHpc 
s  s 

-  - 1)  ^ 
Mic(7Mic2  -  1) 


5.  59 


7(21Mjc4-23.  5MirZt4)AMpcZ 

2  l-l\A •  2  l  \2 


Mic^  (?Mic  -  1) 


for  Mic  —  1 . 00,  where  P6  is  measured  at  H^c  and  crg  is  measured  at 
(Hie  +  — ) .  This  equation  is  plotted  in  Chart  8.  15  in  the  form  of 
AHpc  versus  APp/Ps  for  Hic»  and  AMpC  versus  APp/P8  for  Mic,  or 
simply  AMpc  versus  AHpc  for  Mic  and  Hic. 

5.3.6  AMpc  and  AVpr: 

For  small  errors,  sr.y  AMpc  <  0.  04  or  AVpc  <10  knots,  the 
ratio  AMpc/AVpc  can  be  obtained  by  multiplying  equations  5.49,  5.52,  5.40, 
5.41  with  the  result 


p.aSL*  .1  XlC. 
aSI.  Ps  aSL 


\  .  2  "|2.  5, . 

1  +  0,2  AAC  )  li-t 
aSL 


Mic 

5.  60 


for  Vic  <■  a£L>  M1C  ~  1 . 00; 

AMg^_  _  P^^  i 
AVpc  5aSL  Ps  asL 

for  Vic  —  agj^i  Mic^  1.00;  and 


Mic(7Mir2-l) 
(2Mic2  -  1) 


5.  61 


ic.  _  166.921P.si,  1  (^?)  )2-  ll  l^ic(^Mic 1 ) 

aSL  P‘  ^T^TT-  <2M1C2  -  1) 
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for  Vjc  —  aSL'  Equations  (5.  60,  5.  61,  5. 62)  are  plotted  in  Chart  8.16 
in  the  form 

versus  Mjc  for  Hjc  Chart  8.  16 

**  »  nr 


No  chart  has  been  prepared  in  which  one  can  directly  relate  AMpC  to 
AV,C  for  the  case  of  very  large  position  error  where  Chart  8.  16  is  not 
v:*lid.  In  the  case  of  large  error,  it  is  possible  to  determine  AMpC  from 
AVpc.  or  vice  versa,  by  the  following  indirect  method: 

(1)  Given  AVpc  and  V^c,  determine  APp/qcic  from  Chart  8.  11 

(2)  Determine  Mlc  from  Vic  and  Hjc  and  Chart  8.  5 

(3)  Determine  AMpc  from  Mic  and  APp/qcic  and  Chart  8.18 


6.3.7  AMpr  and  APp/qcjc: 

For  small  errors,  say  AMpc <  0  04,  the  ratio  AMpc /(APp/qcic) 
may  be  formed  by  dividing  equation  (2.  26,  2.  27)  by  equation  (5. 48,  5.51) 
with  the  result 


(AP  p/ qdc) 


(1  4  0.2M,/) 


1.4Mic 


E 


2  3  5 

1  +  0,2MicV'3  -  1 


5.  61 


for  Mic  ^  1.00  and 


Mjc  Llfe6-921Mic7  -  (7Mir2  -  1)  2‘5. 
7(7Mic2  -  l)1-S(2Mic2  -  1) 


5.  64 


for  Mic  —  1  00  This  equation  is  plotted  in  Chart  8.17  in  the  form 


versus  M1C  Chart  8.  17 

(APp/qcic) 

The  expression  for  large  errors  is  obtained  by  dividing  equations  (5.  56 
and  5.  57)  by  equations  (2.  26  and  2.  27). 
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for  Mjc 


for  Mic 
form 


AP, 


I.4MicAMpc  0.7(1  -  1. 6Mic2)AMpc2 
+ - ---7 - 


(1  +  0  .  ZMic^)  (1  +  0. 2Mic  ) 

qcic  *"•  2x3.5 


5.  65 


[(1  +  0.2Mic2)3'5  -  l] 


1 . 00,  and 


7(2Mi£/  .  l)AMoc  7(21Mic4  -  23.5Mir2  +  4)AMDC2 

-v  *1  n  ^ 


APp  =  Mic  (7Mirz  .  1) 


Mjc2  (7Mjr2  -  l)2 


^cic 


166,921  Mjr 7  _  j 

_(7M1C2  -  l)2'5 


5.  66 


—  1.00.  Equations  (5.65  and  5.66)  is  plotted  xn  Chart  8 .  1  8  in  the 


AP 


<lci 


■f1-  versus  AMpC  for  Mjc 


Chart  8.18 


1C 


1 1 


« 
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5.4  EXTRAPOLATION  OF  RESULTS 


In  general,  the  position  error  corrections  must  be  established  by  a 
flight  calibration  made  under  all  flight  conditions.  In  some  cases, 
however,  it  is  possible  to  extrapolate  over  a  wide  range  of  conditions 
from  a  calibration  over  the  speed  range  at  one  altitude.  It  has  been 
shown  that 


=  f,  (Mic,  CLic)  5.5 

4cic  4 

=  f£  (MiCi  7—  )  5.  6 

o  ic 

To  derive  this  relation  experimentally  for  direct  application  to  any 
flight  condition  would  thus  require  calibrations  at  several  weights  and 
load  factors  over  the  full  altitude  and  speed  range  of  the  aircraft. 

The  appropriate  assumptions  on  which  predictions  to  other  conditions 
can  be  made  from  tests  at  one  altitude  depend  on  the  Mach  number  and 
are  considered  in  this  section  for  several  ranges  of  that  parameter. 


5-4.1  Low  Mach  Number  Range  (M^r  40.6): 

For  low  Mach  numbers,  the  effects  of  compressibility  on 
pressure  error  may  be  considered  negligible.  Without  introducing 
serious  error,  it  may  be  said  that  the  pressure  coefficient  is  a  function 
only  of  lift  coefficient  (C^)  as  shown  in  Figure  5.4. 


Figure  5.  4 

AP  /q  .  versus  C.  for  Typical 
p  cic  L 

Wing  Tip  Probe  (Good  for  Low  Speed  Only) 


This  plot  will  represent  the  flow  field  around  the  probe  for  all 
flight  conditions  in  the  low  Mach  number  range. 

The  position  error  calibrations  for  a  low  speed  aircraft  are 
often  presented  in  another  manner. 


AP 

q 


cic 


f3  (CLic) 


Since  C,  =nW/(p_V  S/2)  and  in  the  low  Mach  number  range 
L  $l  e 

V  “*  V  ,  it  can  be  assumed  that 
c  e 

n  W 


P  V/S/2 

SL  C 


or 


n  W 


1C 


p  V.  “S/2 

JL  1C 


5.67 


5.68 


5.69 
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Substituting  equation  5.69  in  equation  5.67 


)  -  i5  (^> 
5  vic 


5.70 


It  l*  poeeible  to  obtain  a  curve  of  APp/  9cic  veriui  ^nW/  Vic 
from  the  results  of  a  position  error  calibration  over  the  range  at 

one  altitude.  From  this  plot,  the  position  error  pressure  coefficient 
at  any  relevant  altitude,  weight  and  normal  acceleration  can  be  obtained. 

A  typical  plot  of  AP^/  qc^c  versus  V^c  showing  nW  variation  and 
Mach  number  effects  at  the  higher  speeds  is  given  in  Figure  5.  5.  It 
may  be  seen  from  this  figure  that  a  change  in  nW  at  low  speed  can 
cause  a  substantial  change  in  position  error. 


Figure  5.  5 

Plot  of  AP  / q  .  versus  V.  for  Low  Speed  Aircraft 
p'  ^cic  ic  r 
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The  altimeter  position  error  correction  for  low  speed  aircraft  can 
be  extrapolated  from  one  altitude  to  another  altitude  at  me  same 
indicated  airspeed  corrected  for  instrument  error  (V1C)  as  long  as 
there  are  no  appreciable  changes  :n  weight  or  load  factor.  It  has 
been  shown  for  low  speed  aircraft  in  which  there  are  no  Mach  effects 


that 


--  f(Vic)  only 

^c  1C 


for  constant  nW.  Therefore,  at  a  given  V1C,  and  hence  qcic>  and 
constant  weight  and  load  factor,  the  static  pressure  error  (APp)  is 
constant  during  altitude  changes  Hence  for  a  given  V1C  and 
constant  n\V 


^Hpc2  =  AHpcl 


,AP 


'AH"-' 


£1~L 


'AH 


?  ) 

Pc  2 


5.  72 


In  the  case  of  small  errors,  equation  5.22  yields  the  result, 


AHpcZ  =  ^Hpd  5-73 

where  asj  is  the  density  ratio  at  Hid,  anc*  <Ts2  ls  density  ratio 
at  H1C2-  la  that  the  position  error  in  the  low  speed  range  is  always 
small,  the  problem  of  large  error  does  not  need  to  be  considered 
here.  Eouation  5.77  states  that  the  altimeter  position  error  correction 
can  be  extrapolated  to  another  altitude  at  the  same  Vic  by 
multiplication  of  AHpc  by  the  ratio  of  the  standard  day  air  densities. 
This  procedure  is  good  only  in  the  low  speed  range  when  there  are 
no  Mach  number  effects  and  when  the  variation  in  nW  is  not  of 
sigmfic  ance  . 


5.4.2  Medium  Subsonic  and  Transonic  Mach  Number  Range 
(0.  b  <Mjr  <  1.0): 

In  this  Mach  number  range,  the  position  error  pressure 
coefficient  will  in  general  depend  on  both  M1C  and  Cj_.lc  so  the 
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general  equation  must  be  considered. 


AP 


'cic 


*  fl  (Mic*  CLic) 


5.  5 


=  f2  (Mic*  5,6 

ic 

Therefore,  in  the  general  case  a  position  error  calibration  must  be 

conducted  at  several  altitude  and  weight  combinations.  In  many 

installations  however,  the  effect  of  the  Ci_,^c  parameter  is  negligible 

in  this  Mach  number  range.  In  this  case,  a  calibration  at  one  altitude 

can  be  extrapolated  to  other  altitudes.  The  existence  of  any  CLlc 

effect  should  be  investigated  by  performing  tests  at  two  widely  different 

altitudes  and  plotting  curves  of  AP  /q  .  versus  M.  for  the  values 
r  &  p'  Mcic  ic 

of  nW/6^  •  The  resuu  for  a  typical  nose  boom  installation  is  shown 
in  Figure  5.6.  This  curve  shows  that  nW/6.^  effects  exist  in  the 
system  tested.  This  curve  would  be  a  single  line  if  there  were  no 
CLic  effects. 


Indicated  Mach  Number  Corrected  for  Instrument  Error,  M-c 


Plot  of  AP  / q 
P 


Figure  5.  6 

.  versus  M.  for  a  Typical  Nose  Boom  Installation 
cic  ic  /r 

Showing  nW/q-c  Effects  at  Low  Speed  End 
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When  there  are  no  appreciable  effects  as  indicated  by  a  single 

curve  of  APp/qclc(versus  MlC  for  all  nW/<£jc)  the  altimeter  position  error 
correction  at  one  altitude  can  be  extrapolated  to  any  other  altitude  at  the 
same  Mic.  With  no  Cj^lc  effect. 


5  74 

5.  63,  5.  64, 
5.  65 


From  these  equations,  it  follows  that  AMpC  is  a  function  of  Mic  only 
and  hence  independent  of  altitude  when  there  are  no  CLic  effects. 


AMpC  =  f(Mlc)  only 
Therefore,  one  may  write 

^  AMpc 

AHpcl.^Hpcl-fe- 

'  AU  *  ' 


5.  75 


5.  76 


for  Mici  =  Mlc2.  the  case  of  small  errors,  equation  5. 49,  5.  5 Z  yields 
the  result 

AHpc2  =  AHpd  (IjSi  )  5.  77 

for  M1C1  *  M,c2,  w6ere  Tas|  and  Tfls2  are  the  standard  day  air 
temperatures  corresponding  to  Hjcj  and  Hic2  respectively.  In  the 
case  of  large  errors,  it  would  appear  that  the  above  method  of 
extrapolation  would  no  longer  be  valid  as  equations*  (5.53  and  5. 56)  from 
which  it  is  derived  are  no  longer  valid.  Fortunately  this  is  not  the 
case  and  equation  5.81  can  be  used  for  very  large  errors,,  say  AHpC^- 
3000  feet,  with  no  appreciable  loss  of  accuracy. 

5.4.3  Supersonic  Mach  Numbe  r  F  ^  -•>  * 

An  aircraft  capable  of  supersonic  fligV.t  should  be  equipped  with 
a  nose  boom  installation.  In  this  case,  the  aircraft  bow  wave  will  pass 
behind  the  static  pressure  holes  at  a  of  1.03  or  so.  At  higher 


74 


Mach  numbers,  the  effect  of  the  Lift  coefficient  on  the  position  error 
pressure  coefficient  will  be  zero  as  the  pressure  field  of  the  aircraft  will 
not  be  felt  in  front  of  the  bow  wave.  Therefore,  any  pressure  error  that 
does  exist  will  be  a  function  of  Mach  number  only  so  that  a  plot  of 
APp/qcic  versus  Mjc  will  be  valid  for  all  altitudes.  In  the  usual  case, 
this  error  is  quite  small  and  may  be  zero. 

5.  5  CORRELATION  OF  RESULTS  OF  POSITION  ERROR  CALIBRATIONS 
In  the  position  error  calibration  methods  discussed  in  the  next 
section,  data  is  usually  obtained  in  the  form  of  AHpC  or  AVpC  for  the 
altitude  at  which  the  test  was  conducted.  In  this  section,  methods  by  which 
data  from  different  calibrations  can  best  be  correlated  is  given.  The 
final  report  presentation  is  usually  given  as  AHpC  and  AVpC  versus  V^c 
with  Hjc  as  the  parameter.  This  can  be  done  for  both  light  weight  and 
heavy  weight  configurations  if  weight  is  an  important  parameter. 

For  low  speeds  in  which  there  are  no  Mach  number  effects,  the 
position  error  obtained  from  several  calibrations  is  best  correlated  by 
the  use  of  a  plot  of  AVpC  versus  VjC.  Such  a  plot  will  be  a  single  line 
v/hich  is  good  for  all  altitudes  for  a  constant  nW  with  the  absence  of 
Mic  effects. 

It  has  been  shown  that  in  the  low  Mach  number  range 

-^P-  =  fi  (Vic)  only  5.70 

9cic 

for  constant  nW.  From  Section  5.3.3 

ap  „ 

AVpc  =  ,  V1C)  5.38,  5.39 

v  9cic 

Therefore,  in  the  absence  of  Mach  number  effects 


AVpc  =  f3(vic)  only  5.78 

for  constant  nW 

At  higher  speeds,  when  there  is  the  possibility  of  both  Mjc  and  CLic 
effects,  the  results  of  calibrations  are  best  correlated  by  a  plot  of 
APp/qcic  or  AMpC  versus  Mic.  It  has  been  shown  in  the  previous 
section  that  this  will  usually  be  a  single  line  for  Mic>  0.6  except  for 
possible  low  speed  nW/^c  breakoffs. 
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5.6  CALIBRATION  METHODS 

The  static  pressure  error  can  be  determined  by  any  method  in 
which  the  indicated  static  pressure  and  the  free  stream  static  pressure  are 
obtained  at  the  same  time.  The  indicated  pressure  is  obtained  by  installing 
a  sensitive  aneroid  such  as  an  altimeter  in  the  static  pressure  system  to 
be  calibrated.  The  free  stream  static  pressure  can  be  obtained  directly 
from  a  measurement  of  the  atmospheric  pressure  or  indirectly  from  a 
measurement  of  airspeed,  in  which  case  the  total  pressure  error  must 
be  known  or  assumed  to  be  zero.  The  direct  method  is  called  an  altimeter 
calibration.  Some  of  the  more  common  methods  are:  the  tower  fly-by, 
the  pacer  and  aircraft  fly-by,  the  altitude  pressure  comparison  methods, 
and  the  trailing  bomb  method.  The  indirect  method  is  called  an  airspeed 
calibration.  Airspeed  calibrations  can  be  obtained  by  the  speed  course 
method  and  the  pacer  and  radar  methods  when  airspeeds  are  compared. 

In  general,  the  accuracy  of  the  altimeter  calibration  is  far  superior  to  the 
airspeed  calibration  as  the  altimeter  is  a  relatively  accurate  instrument 
compared  to  the  airspeed  indicator  concerning  such  things  as  hysteresis 
and  repeatability  It  will  be  shown,  however,  that  at  very  low  speeds  an 
airspeed  calibration  may  be  superior. 

The  choice  of  a  method  will,  in  general,  depend  on  the  instrumentation 
available,  the  degree  of  accuracy  required,  and  the  speed  and  altitude 
range  for  which  a  calibration  is  desired.  The  most  desirable  method  or 
combination  of  methods  is  one  which  requires  a  minimum  of  time, 
equipment  and  manpower  to  arrive  at  an  accurate  calibration  over  the 
entire  speed  and  altitude  range  of  the  aircraft;  it  must  be  quick  and 
inexpensive,  yet  reliable  and  complete.  Several  methods  are  discussed 
in  this  section  with  this  in  mind.  Each  method  is  described  in  detail. 

Then  the  advantages  and  disadvantages  of  each  are  discussed  so  that 
the  reader  may  choose  the  method  or  combination  of  methods  which  best 
fulfills  his  need. 
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5.  6.  1  The  Tower  Fly-By  Method(See  Data  Reduction  Outline  7.5): 

The  tower  fly-by  is  a  low  altitude  method  in  which  the  altitude 
indicated  by  the  aircraft  pitot-static  system  is  compared  to  the  actual 
pressure  altitude  to  determine  the  static  pressure  error.  A  theodolite 
is  set  up  in  a  control  tower  or  a  tall  building  at  a  known  distance  from  a 
line  marked  on  a  runway.  The  aircraft  to  be  calibrated  is  flown  at 
constant  speed  over  this  course  as  close  to  theodolite  level  as  possible 
but  at  least  one  full  wing  span  off  the  ground  to  be  out  of  ground  effect. 
As  the  aircraft  passes  the  theodolite  position,  the  pilot  records  altitude 
(H^)  and  airspeed  (V^),  the  theodolite  operator  measures  the  vertical 
angle  to  the  aircraft.  The  atmospheric  pressure  at  the  theodolite 
station  is  measured  with  an  absolute  pressure  gage  or  altimeter,  or 
static  pressure  and  temperature  are  measured  at  the  ground  and 
reference  level  static  pressure  is  computed  on  the  basis  of  the  standard 
temperature  lapse  rate.  The  true  pressure  altitude  of  the  aircraft  is 
determined  by  adding  the  physical  difference  in  height  between  the 
theodolite  and  the  aircraft  to  the  pressure  altitude  at  theodolite  level. 

Hc  *  Hc  at  theodolite  level  +  Ah  5.  79 

where  Ah  is  determined  from  the  theodolite  reading.  This  operation  is 
valid,  even  during  extreme  atmospheric  conditions,  as  the  pressure 
gradient  will  not  vary  from  standard  enough  to  cause  appreciable  error 
in  the  small  height  difference  between  the  aircraft  and  the  theodolite. 
This  method  is  illustrated  in  the  following  figure. 
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Pilot  Record#:  Theodolite  Operator  Record#: 

Indicated  Alrepeed,  Pressure  Altitude  of  Tower 

Indicated  Altitude,  Vertical  Angle  to  Aircraft, cL 


Hc  of  Teat  Aircraft  =  Hc  of  Tower  +  d  tan  ot 

Figure  5,  7 
Tower  Fly-by  Method 

The  tower  fly-by  method  is  limited  to  level  flight  speeds  above  stalling 
speed  by  a  safe  margin.  The  upper  speed  limit  may  be  set  by  local 
restrictions  prohibiting  supersonic  flight  at  or  near  ground  level  In  a 
congested  area. 

The  static  pressure  error  can  be  determined  with  very  good 
accuracy  by  the  use  of  this  method.  At  low  speeds,  however,  any 
error  In  tho  measurement  of  the  static  pressure  error  becomes  very 
Important  when  converted  to  airspeed  position  error  ( AV^  )  as  evidenced 
by  equation  (5.35,  5.36).  This  effect  is  Illustrated  in  Figure  5.8. 


Figure  5.  8 

Plot  of  AP  vs  V.  Determined  from  Tower 
p  ic 

Fly-By  Calibrations 


At  the  Air  Force  Flight  Test  Center,  with  the  use  of  conventional 
aircraft  instrumentation  and  a  "visual  theodolite",  this  method  is 
not  used  for  speeds  below  200  knots  or  so  for  this  reason. 

The  tower  fly-by  method  is  very  quick,  requiring  only  a  few 
minutes  per  point  for  the  flight  and  manual  data  reduction.  It  is 
relatively  inexpensive  as  1  hour  of  flight  time  will  cover  adequately 
the  speed  range  of  the  aircraft  and  no  extensive  equipment  is  necessary. 

In  an  improvement  of  this  technique,  two  ground  stations  may  be 
used,  one  on  each  side  of  the  lined  course.  This  allows  the  aircraft 
to  deviate  from  the  runway  without  introducing  error. 

One  disadvantage  of  the  tower  fly-by  method,  as  discussed  above, 
is  the  hazard  of  flying  at  high  speed  near  the  ground.  This  hazard  can 
be  eliminated  by  the  use  of  a  modified  system.  In  this  method,  a 
photograph  is  taken  as  the  aircraft  passes  over  a  camera  which  is 
directed  vertically  upward  from  a  position  on  the  marked  course. 

The  tapeline  altitude  of  the  aircraft  is  then  determined  from  the  focal 
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length  of  the  camera  and  the  proportion  of  the  size  of  the  image  on  film 
to  the  true  dimensions  of  the  object.  The  static  pressure  at  this 
altitude  can  be  computed  or  determined  by  flying  the  test  aircraft  at  a 
speed  for  which  the  pressure  error  is  known.  Good  results  have  been 
obtained  with  the  use  of  a  conventional  35mm  camera  up  to  altitudes  of 
1000  feet.  This  method  is  discussed  in  the  report,  "Position  Error 
Determination  by  Stadiametric  Ranging  with  a  35mm  Movie  Camera," 
Technical  Report  No.  2-55,  Test  Pilot  Training  Division,  U.S.  Naval 
Air  Test  Center  (Patuxent  River,  Maryland),  June  24,  1955  by 
W . J .  Hesse . 

5.6.2  The  Ground  Speed  Course  Method  (See  Data  Reduction 
Outline  7.6): 

The  ground  speed  course  is  another  low  altitude  method  which 
is  especially  good  at  low  speeds.  It  is  best  used  in  conjunction  with 
the  tower  fly-by  method  to  obtain  a  low  altitude  position  error 
calibration  over  the  entire  speed  range.  This  is  an  '.'airspeed 
calibration"  in  that  the  error  in  airspeed  is  measured  directly  from 
which  the  static  pressure  error  may  be  determined  -  providing  the 
error  in  total  pressure  is  known  or  can  be  assumed  to  be  zero. 

The  aircraft  to  be  calibrated  is  flown  over  a  course  of  known 
length  at  a  uniform  speed  and  at  constant  altitude.  True  airspeed  is 
obtained  from  time  and  distance  data.  Calibrated  airspeed,  calculated 
from  true  airspeed,  is  compared  to  the  airspeed  indicated  by  the 
aircraft  pitot-static  system  to  obtain  the  error  in  airspeed  due  to  static 
pressure  error.  The  conversion  of  Vt  to  Vc  requires  that  both 
pressure  altitude  and  free  air  temperature  be  known.  The  pressure 
altitude  can  be  obtained  by  adding  the  pressure  altitude  corresponding 
to  the  ground  atmospheric  pressure  to  the  estimated  height  of  the 
aircraft  above  the  ground.  Instead  of  estimating  the  height  of  the 
aircraft  above  the  ground,  an  iterative  process  can  be  used  where 
the  instrument  corrected  altimeter  reading  is  first  used  to  find 
position  error.  This  position  error  can  then  be  used  to  correct  the 
altimeter  reading  and  the  process  repeated.  Ambient  temperature  is 
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determined  from  indicated  readings  recorded  in  the  aircraft.  This  method 
is  described  in  Figure  5.9. 


Pilot  Records: 

Indicated  Airspeed, 
Indicated  Temperature,  t. 
Indicated  Altitude,  1 

Estimated  Height 
Time 


t u 


3 


Know  Course  Length 

of  Aircraft  =  Vc  at  Aircraft  Pressure  Altitude 
Corresponding  to  M,  Determined  from  V  /  a 

Figure  5.9 

Ground  Speed  Course  Method 


o' 
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Finish 


The  aircraft  should  be  flown  on  reciprocal  headings  at  each  speed  so 
that  the  effect  of  head  and  tail  wind  can  be  averaged  out.  The  averaged 
ground  speed  is  assumed  to  be  true  speed.  The  aircraft  should  be 
allowed  to  drift  with  the  wind  so  that  the  adverse  effect  of  cross  wind 
can  be  eliminated.  The  test  should  not  be  conducted  on  a  windy  day 
for  any  shifting  winds  introduce  error  in  true  speed.  The  aircraft 
should  be  fairly  well  stabilized  as  the  timing  gives  average  speed. 
However,  the  holding  of  an  exact  speed  is  not  critical.  The  speed 
course  should  be  flown  at  least  one  wing  span  above  the  ground  to  be 
out  of  ground  effect.  This  distance  should  be  kept  to  a  safe  minimum, 
however,  because  of  the  need  for  an  estimation  of  the  aircraft  height. 

Theoretically,  this  method  is  good  for  all  level  flight  speeds  above 
the  stalling  speed  of  the  aircraft.  The  accuracy  obtained,  however, 
la  a  function  of  the  timing  method  and  the  length  of  the  course  and 
diminishes  as  speed  Increases.  At  high  speeds,  errors  In  time 
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measurement  may  cause  the  error  in  airspeed  to  be  obscured  by  errors 
in  the  measurement  of  true  speed.  Therefore,  this  method  gives  best 
results  at  low  speeds  and  can  be  used  at  high  speeds  only  if  adequate 
timing  equipment  is  used  and  the  course  is  relatively  long.  The  Air 
Force  Flight  Test  Center  maintains  a  ground  speed  course  approximately 
4  miles  long.  Time  is  kept  with  a  stop  watch  operated  by  the  pilot  or 
by  an  aircraft  observer.  This  course  is  not  used  for  speeds  above 
250  knots . 

The  accuracy  of  the  ground  speed  cour  se  is  poor  even  in  the  low 
speed  range.  There  is  always  a  scatter  of  points  due  to  timing  errors, 
shifting  winds  and  the  estimate  of  temperature  at  aircraft  height  which 
is  needed  for  calculation  of  true  speed.  However,  (he  results  obtained 
at  low  speeds  are  in  general  better  than  those  obtained  by  the  tower  fly¬ 
by  method. 

The  ground  speed  course  is  inexpensive  and  very  simple  to  maintain 
and  operate.  Each  double  point  takes  approximately  10  minutes  for  the 
flight  and  10  minutes  for  manual  data  reduction. 

A  variation  of  the  ground  speed  course  is  the  photogrid  method.  The 
test  is  conducted  in  the  same  manner  except  that  true  speed  is  determined 
by  means  of  a  camera,  a  timer,  and  a  calibrated  grid  installed  in  a 
control  tower  or  other  vantage  point  by  a  runway.  As  the  aircraft  passes 
the  camera  station,  photographs  are  taken  through  the  grid.  The  film 
record  gives  accurate  speed  and  altitude  of  the  aircraft,  (See  Figure 
5.  10.)  This  method  can  be  used  only  when  a  low  wind  condition  exists 
or  when  the  wind  direction  is  approximately  parallel  to  the  runway  or 
the  same  errors  will  be  introduced  as  when  crabbing  on  a  speed 
course . 
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Photo  Shows 


Altitude 


Ground  Speed 


Figure  5. 10 
Photogrid  Method. 


Pile*  Records: 

Indicated  Airspeed,  V. 
Indicated  Altitude, 


5.6.3  The  Pacer  Method  (See  Data  Reduction  Outline  1.1): 

The  tower  fly-by  and  ground  speed  course  methods  which 
have  been  discussed  are  good  for  low  altitude  calibrations.  These 
calibrations  may  be  extrapolated  to  higher  altitudes  as  discussed  in 
Section  5.4  .  However,  such  extrapolations  are  not  always  possible. 
.Furthermore,  any  extrapolations  that  are  made  should  be  checked  at 
altitude.  Therefore,  calibration  methods  are  necessary  by  which  an 
aircraft  can  be  calibrated  at  altitude.  One  such  method  is  the  pacer 
method  in  which  the  test  aircraft  is  calibrated  against  another 
previously  calibrated  aircraft  called  a  pacer.  This  method  is  very 
useful  when  frequent  routine  calibrations  of  aircraft  are  required. 

In  the  basic  form  of  this  method  the  test  aircraft  and  pacer 
are  flown  aide  by  side  approximately  one  wing  span  apart  to  prevent 
aircraft  pressure  field  interaction.  When  the  aircraft  are  stabilized  at 
the  desired  speed  and  altitude,  the  pilots  read  the  airspeed  and  altitude 
simultaneously,  or  record  the  data  on  a  photopanel.  (See  Figure  5.1L) 

A  static  pressure  calibration  can  be  obtained  directly  from  a  comparison 
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of  the  altitudes  or  indirectly  from  a  comparison  of  airspeeds.  By 
comparing  both  altitude  and  airspeed  readings  a  check  can  be  made 
for  error  in  the  total  pressure  system.  (An  error  in  total  pressure 
should  be  suspected  if  AVpc  determined  by  a  comparison  of  airspeeds 
is  consistently  greater  than  AV^  determined  by  a  comparison  of  altimeter 
readings.)  This  procedure  is  followed  for  a  series  of  speeds  at  a  given 
altitude  to  determine  the  static  pressure  error  as  a  function  of  airspeed 
for  that  altitude.  In  this  form,  the  pacer  method  is  limited  to  the  altitude 
and  speed  capabilities  of  the  reference  aircraft. 


Calibrated  Aircraft  Pilot  Records: 
Indicated  Airspeed, 

Indicated  Altitude,  Hi 


Test  aircraft  Pilot  Records:  Pressure  Altitude  of  Both  Aircraft,  Hc 

Indicated  Airspeed,  =  Calibrated  Aircraft' s  H. +AH.  +H 

Indicated  Altitude,  1  " 


Figure  5. 11 


The  Pacer  Method 


It  is  possible  to  make  calibrations  at  speeds  greater  than  the  speed 
capabilities  of  the  reference  aircraft  by  the  use  of  a  variation  called 
the  aircraft  fly-by  method.  Here,  the  test  aircraft  flies  past  the  pacer 
aircraft  at  the  same  altitude.  With  the  pressure  altitude  known  from 
the  pacer  calibration,  the  static  pressure  error  may  be  obtained  at  any 
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speed  for  that  altitude.  It  has  the  advantage  over  the  basic  method  in 
that  it  is  faster  as  it  is  not  necessary  to  stabilize  the  airspeed.  In  the 
aircraft  fly-by  method;  it  is  necessary  that  both  aircraft  be  at  the  same 
altitude.  Any  deviation  may  be  estimated  or  the  test  aircraft  may  be 
photographed  as  it  passes  by.  It  is  helpful  if  the  pacer  aircraft  can  lay 
a  trail,  for  example  a  contrail,  as  a  reference.  This  allows  the  test 
aircraft  to  accelerate  up  the  reference  trail  with  data  being  taken  as 
it  closes  on  the  pacer  aircraft  and  then  either  pass  the  pacer  or  de¬ 
celerate  back  down  the  reference  trail.  The  acceleration-deceleration 
technique  has  the  advantage  that  with  data  taken  both  ways  the  effect 
of  lag  can  be  averaged  out  or  shown  to  be  negligible.  This  technique  is 
very  useful  for  obtaining  data  in  the  transonic  region.  It  is  possible  to 
get  data  up  to  Mach  1.2  or  so  with  a  subsonic  pacer.  Use  of  a  contrail 
provides  very  accurate  data  since  the  altitude  of  a  contrail  does  not 
usually  vary  more  than  20  or  30  feet  within  2  miles  of  the  source.  One 
disadvantage  is  that  persistent  contrails  ar°  sometimes  difficult  to 
obtain.  In  this  case  the  pacer  should  be  equipped  with  a  smoke  gen¬ 
erator  capable  of  leaving  a  well  defined  trail.  Use  of  a  smoke  gener¬ 
ator  is  presently  limited  to  non-afte rburing  operation,  however,  since 
the  smoke  from  existing  smoke  generators  is  nearly  dissapated  by 
the  jet  exhaust  in  afterburning. 

The  calibration  of  the  test  aircraft  is,  of  course,  only  as  good  as 
the  pacer  calibration.  For  this  reason  aircraft  must  be  kept  exclusively 
as  pacers.  They  should  be  calibrated  in  flight  and  have  their  instruments 
recalibrated  at  least  once  a  month  to  insure  the  accuracy  of  their 
calibrations. 
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The  primary  advantages  of  the  pacer  method  over  other  altitude 
nethods  are  the  simplicity  of  scheduling,  testing  and  data  reduction,  the 
speed  and  accuracy  with  which  results  can  be  obtained  and  the  fact  that 
the  pacer  is  not  restricted  to  one  geographical  area.  In  short,  the  pacer 
method,  is  more  convenient. 

The  practicality  of  the  pacer  method  as  compared  to  other  methods 
depends  on  how  often  calibrations  are  required.  Unless  calibrations  are 
required  relatively  frequently  the  cost  of  maintaining  aircraft  solely  as 
pacers  is  prohibitive.  However,  when  frequent  calibrations  are  required, 
the  pacer  method  becomes  very  practical.  In  general,  the  cost  of  keep¬ 
ing  the  pacer  in  the  air  is  offset  by  the  reduction  in  flying  time  necessary 
to  establish  a  calibration. 

5.  6. 4  Altitude  Pressure  Comparison  Methods  Requiring  Pressure 
Survey  (See  Data  Reduction  Outline  7,5fi 

In  this  method  the  position  of  the  aircraft  in  flight  is  fixed  in 
space  by  the  use  of  a  radar -theodolite  system  or  a  phototheodolite  complex 
such  as  an  Askama  range.  The  static  pressure  error  is  determined  by 
comparing  the  aircraft  indicated  altitude  to  the  pressure  altitude  which 
is  determined  from  the  tapehne  altitude  by  means  of  a  pressure  survey. 

The  pressure  survey  can  be  conducted  in  one  of  several  ways: 

1.  The  cest  aircraft  can  be  tracked  by  the  radar  or  phototheodolite 
equipment  as  it  climbs  through  the  required  altitude  range  at  a 
low  speed  for  which  the  static  pressure  error  is  known.  It  is 
then  flown  through  the  surveyed  region  at  higher  speeds  for 
which  a  calibration  is  desired.  It  is  possible  to  use  another 
aircraft  w'hich  has  previously  been  calibrated  to  make  this 
pressure  survey.  In  either  case,  it  should  be  noted  that  a  survey 
made  using  this  technique  can  be  no  better  than  the  original 
calibration . 

Z.  A  radiosonde  ballon  transmitting  pressure  measurements  can 
be  tracked  to  determine  pressure  as  a  function  of  tapeline  altitude. 


Better  accuracy  can  be  obtained  by  the  use  of  a  modified  pressure 
capsule  which  is  more  accurate. 

3.  Data  from  a  radiosonde  balloon  transmitting  temperature  and 
pressure  can  be  used  to  find  temperature  as  a  function  of  pressure 
and  the  relation  between  altitude  and  pressure  deduced  by  integration 

Pa 

«=  -§-2  (-ft)  (^a)  »'17 

P  aSL 

This  integration  is  discussed  in  'Mach  Number  Measurements  and 
Calibrations  During  Flight  at  High  Speeds  and  at  High  Altitudes 
Including  Data  for  the  D-558-II  Research  Airplane,  M  NACA  RM 
H55J18,  1956  (Confidential)  by  Brunn  and  Stillwell.  With  the  use 
of  the  same  equipment,  this  method  gives  much  better  results  than 
does  technique  2. 

The  results  of  thepressure  survey  are  plotted  as  pressure  or  pres  sure  altitude 
versus  tapeline  altitude.  The  test  aircraft  is  then  flown  in  the  surveyed 
region,  recording  airspeed  and  altitude  as  the  radar  or  phototheodolite 
records  height.  The  true  pressure  altitude  for  each  test  point  is 
determined  from  the  radar  height  and  pressure  survey  curve.  (See 
Figure  5.12). 
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SURVEY 
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Radar  Records: 

Height 

Calibrated  Aircraft  Pilot  Records 
Indicated  Airspeed,  Vj 
Indicated  Altitude,  Hi 
Then: 

H  =  H.  +  AH.  +  AH 
Cl  ic  pc 

Results  of  Survey  Plotted  As 


CALIBRATION 

Radar  Records: 

Height 

Test  Aircraft  Pilot  Records: 
Indicated  Airspeed,  Vj 
Indicated  Altitude,  Hi 
Then: 

Hc  =  Pressure  Altitude  at  Rada 
Height  on  Survey  Plot. 


Figure  5.  12 

Altitude  Pressure  Comparison  Method  Using  Radar 


When  a  phototheodolite  system  is  used  the  aircraft  is  tracked  from  a 
series  of  stations  with  cameras  to  determine  the  position  in  space.  The 
tapeline  altitude  is  determined  by  triangulation.  A  minimum  of  two  stations 
is  required  for  a  fix.  It  is  desirable  to  obtain  data  frcm  more  stations  to 
give  additional  fixes,  which  reduces  the  uncertainty  of  the  measurement. 
The  accuracy  with  which  tapeline  altitude  can  be  obtained  is  very  good. 
However,  the  overall  accuracy  of  the  pressure  error  determination  is 
limited  by  that  of  the  pressure  survey.  Because  of  the  complexity  of  the 
tracking  system,  the  data  must  be  processed  on  a  digital  computer.  Hence, 


the  data  reduction  time  is  apt  to  be  quite  large.  In  addition,  the  process 
is  quite  expensive  as  it  requires  costly  equipment,  large  crews  to  maintain 
and  operate  the  equipment,  and  machine  data  reduction. 

The  tapeline  altitude  can  be  calculated  from  the  elevation  and  slant 
range  given  by  a  radar-theodolite  assembly.  The  data  reduction  for  this 
type  of  installation  is  much  less  time  consuming  than  that  required  by  the 
above  installation  as  one  station  gives  all  the  necessary  information.  The 
radar  unit  will  not  give  quite  as  accurate  results  as  those  which  can  be 
obtained  with  the  photo-theodolite  rangp  but  its  accuracy  can  be  at  least  as 
good  as  that  of  the  pressure  survey. 

At  the  Air  Force  Flight  Test  Center,  radar  tracking  has  been  found  to 
be  very  satisfactory,  reliable  and  relatively  economical.  Provided  that 
the  target  carries  a  beacon,  it  can  be  tracked  out  to  a  slant  range  of  nearly 
100  miles.  More  refined  information,  obtained  by  using  a  bore-sight 
camera  to  correct  for  radar  hunt  in  azimuth  and  elevation,  can  be  obtained 
out  to  about  20  miles,  depending  on  contrast  and  so  on.  The  accuracy  of 
the  height  data  is  comparable  to  that  with  which  the  associated  pressure  can 
be  measured  or  computed,  but  good  velocity  data  cannot  be  obtained  unless 
the  target  is  flying  in  a  steady  manner.  This  is  illustrated  in  Figure  c,  13 
in  which  a  time  history  from  a  typical  radar  calibration  is  given.  A 
relatively  low  frequency  hunt  is  apparent  which  prevents  use  of  the  data 
to  deduce  velocity  unless  quite  a  long  record  can  be  averaged.  However, 
when  the  aim  is  to  calibrate  the  static  pressure  source,  the  radar  method 
is  used  because  of  its  simplicity  and  economy.  When  a  more  precise 
trajectory  is  required,  capable  of  yielding  ground  speeds  directly,  the 
Askania  range  is  used.  This  gives  subs'antial  improvement  in  precision 
but  cost  and  complication  are  much  greater  than  those  of  a  radar 
calibration,  A  minimum  of  four  cameras  is  considered  essential  and  six 
or  more  are  used  if  the  target  is  to  be  tracked  over  a  distance  of  the  order 
of  that  covered  by  the  bore -sight  radar. 
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Figure  5.13 

Results  of  a  Radar  Calibration  Showing 
Typical  Low  Frequency  Hunt 


These  techniques  are  costly  and  tedious  but  they  can  be  used  in  many 
situations  where  some  of  the  less  complicated  methods  fail.  They  permit 
calibrations  in  high  speed  dives  and  maneuvers,  as  well  as  in  level  flight, 
and  allow  calibration  of  rocket  powered  aircraft  and  missiles  as  long  as 
they  stay  Within  the  range  of  the  tracking  equipment. 

5.6.5  The  All-Altitude  Speed  Course: 

The  principle  of  the  ground  speed  course  can  be  used  at  altitude 
to  determine  the  error  in  airspeed  measurement  in  the  aircraft  pitot-static 
system.  However,  the  establishment  of  an  altitude  speed  course  which 
will  give  comparable  accuracy  is  difficult.  It  is  necessary  to  use  an 
elaborate  timing  device  and  electronic  or  optical  means  to  establish  the 
course  length.  The  accurate  measurement  of  temperature  at  altitude 
presents  a  problem.  One  must  rely  either  on  a  previously  calibrated  free 
air  temperature  probe  or  the  weather  service  and  a  pressure  survey. 

Also  the  higher  winds  which  usually  exist. at  altitude  cause  considerable 
scatter  of  data.  Therefore,  the  speed  course  is  aot  recommended  for 
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altitude  calibrations. 


A  certified  speed  course  has  been  established  at  the  AFFTC  for  the 
purpose  of  obtaining  internationally  accepted  speed  records.  It  is  possible 
to  use  this  course  as  a  speed  course  to  obtain  position  error.  It  is  an 
optical  course  approximately  10  miles  long  at  35,  000  feet.  The  overall 
accuracy  of  the  speeds  obtained  are  to  the  order  of  0.  15  percent.  Therefore, 
there  is  little  error  in  the  measurement  of  ground  speed  by  this  method. 
However,  the  problems  of  conversion  to  true  speed  and  calibrated  airspeed 
and  the  determination  of  pressure  altitude  make  the  use  of  the  course  for 
this  purpose  quite  impractical. 

5.  6.  6  The  Trailing  Bomb  Method: 

In  this  method  a  static  pressure  source  is  built  into  a  "bomb" 
which  is  suspended  on  a  long  cable  and  allowed  to  trail  well  below  and  aft 
of  the  aircraft  so  as  to  be  out  of  the  aircraft  pressure  field  and  thus  to 
record  free  stream  static  pressure.  This  is  compared  to  the  indicated 
static  pressure  (or  altitude)- to  give  the  static  pressure  error.  The 
pressures  from  the  two  sources  may  be  connected  by  means  of  a  sensitive 
differential  pressure  gage  to  give  the  pressure  error  direfctly.  Hence  the 
accuracy  can  be  very  good  as  long  as  the  trailing  bomb  is  out  of  the 
aircraft  pressure  field 

At  low  speeds  the  weight  of  the  bomb  is  enough  to  keep  it  below  the 
test  aircraft.  At  higher  speeds,  say  above  200  knots  indicated,  the  bomb 
must  be  fitted  with  email  wings  set  at  a  negative  angle  of  attack  to  keep  it 
out  of  the  slipstream  of  the  aircraft.  This,  however,  introduces  the 
instability  problems  of  a  towed  glider. 

This  method  is  good  at  stalling  speed  as  long  as  the  downwash  at  high 
angles  of  attack  does  not  cause  instability.  The  upper  limit  in  speed  is 
the  speed  at  which  the  system  encounters  high  speed  instability.  It  is 
believed  that  this  high  speed  instability  is  due  to  cable  oscillations  which 
originate  near  the  aircraft  and  are  amplified  by  aerodynamic  forces  as 
they  travel  down  the  cable. 


Years  ago  when  aircraft  were  not  capable  of  high  speeds  this  was  a 
very  popular  method.  In  the  case  of  modern  aircraft,  this  method  has 
lost  its  popularity  because  of  the  high  speed  instability  problem.  It  is 
still  sometimes  used,  however,  for  the  calibration  of  low  speed  aircraft 
such  as  transports. 
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SECTION  6 

CALIBRATION  OF  THE  FREE  AIR  TEMPERATURE 
INSTRUMENTATION 

6 A  INSTRUMENT  ERROR 

The  major  errors  In  the  tempo  rature  indicating  system  are  a  result 
o f  variation  of  the  resistance  temperature  coefficient  in  the  sensing 
element  and  electrical  defects  in  the  bridge  circuit  and  ammeter.  Errors 
caused  by  the  sensing  elements  are  minimised  by  the  selection  of  good 
quality  elements  from  the  manufacturer's  lots.  The  standard  tolerance 
is  t  2  degrees  C;  however,  units  having  a  maximum  error  of  t0.5  degrees 
C  are  selected  for  flight  test  work.  A  laboratory  calibration  is  conducted 
to  determine  errors  in  the  bridge  circuit  and  indicator.  The  instrument 
is  calibrated  every  2  degrees  C  over  the  temperature  range  of 
anticipated  use.  A  typical  calibration  plot  is  down  in  Figure  6.1. 


Figure  6. 1 

Free  Air  Temperature  Instrument  Calibration  Plot 


The  indicated  temperature  corrected  for  instrument  error  (T^c)  is 
obtained  from  this  curve,  as 


where 


Tt  ♦  ATlc 


•  indicated  temperature 

AT^C  *  free  air  temperature  instrument  correction 
corresponding  to 


6.1 
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6.2  DETERMINATION  OF  THE  TEMPERATURE  PROBE  RECOVERY  FACTOR 


The  equation  for  the  free  air  temperature  probe  was  derived  in  Section 

2. 4  as 


where 


Tic  ■  1  ♦  KM2 
Ta  5 


2.  30 


Ta  ■  free  air  temperature,  *K 

T}c  *  indicated  temperature  corrected  for  inatrument  error, 
•K 

M  »  free  atream  Mach  number 
K  «  temperature  probe  recovery  factor 


Valuea  of  K  ahould  be  determined  in  flight  a  a  they  depend  on  the 
inatallation.  Ueually  at  aubsonic  speeds  variation  in  K  with  Mach  number 
and  altitude  ia  net  aignificant.  At  auperaonic  apeeds,  however,  where 
temperature  riaee  are  much  larger,  variationa  in  K  may  exiat  which  muat 
be  well  eatabliahed  in  order  that  ambient  temperature  a  may  be  calculated 
accurately.  It  la  conaidered  adviaable  to  determine  valuea  of  K  throughout 
the  apeed  range  at  a  high  and  a  low  altitude  to  investigate  poaaible  variationa 
in  K.  Thia  la  quite  frequently  done  in  conjunction  with  one  or  more  of  the 
airapeed  calibration  methoda  described  in  Section  5.  Several  techniquea  are 
diacuaaed  in  the  following  paragraphs  by  which  temperature  probe  recovery 
factora  can  be  determined.  The  uae  of  radioaonde  temperature*  in  lieu  of 
data  derived  from  free  air  temperature  inatrumente  ia  alao  considered. 


1.  The  aircraft  is  flown  at  a  a<*ri*s  of  Mach  numbers  and  the 
data  la  plotted  as  K  versus  M  where 


6.2 
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This  data  la  readily  obtained  in  conjunction  with  airspeed  calibrations  when 
a  pacer  aircraft  is  used,  since  ambient  temperatures  can  be  obtained  with 
a  calibrated  probe.  The  results  of  a  typical  calibration  are  given  in  Figure 
6.  2. 
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Figure  6. 2 

Plot  of  K  versus  M  Used  to  Determine 
The  Temperature  Probe  Recovery  Factor,  K 


Indicated  temperatures,  recorded  while  conducting  speed-power  tests, 
together  with  radiosonde  temperatures  maybe  used  conveniently  to  make 
a  similar  presentation.  Care  must  be  taken  in  this  case  to  avoid 
systematic  errors  in  ambient  temperature  measurements. 

2.  The  aircraft  is  flown  at  a  series  of  speeds  at  a  constant 
pressure  altitude.  It  is  therefore  necessary  to  prepare  tables  In  advance 
showing  altimeter  reading  (H^)  at  which  the  aircraft  is  to  be  flown  for  each 
airspeed. 

H,  =  H  -  AH.  -  AH  6.3 

i  c  ic  pc 
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where 


Hc  =  pressure  altitude  at  which  teat  is  to  he  made 

AH.  =  altimeter  instrument  correction  corresponding  to  H. 
ic  i 

AH  =  altimeter  position  error  correction  corresponding  to  H. 
pc 

The  results  are  plotted  as  l/Tic  versus  When  this  is  done,  tin- 

slope  of  a  line  faired  through  the  data  is  equal  to  (  -K/5  )  as 

-  _>  .  K  wf.  6.4 

Tic  Ta  5  Ti(. 

The  intercept  on  the  l/Tic  axis  is  l/T  .  Repeat  tests  made  at  different 
air  temperatures  will  give  a  series  of  parallel  straight  lines  if  K  is  a 
constant  for  the  installation.  Figure  6.  3  shows  a  plot  where  runs  have  been 
made  at  two  altitudes. 


Figure  6. 3 

p 

Plot  of  VT.  versus  M  /  T.  Used  to  Determine 
ic  '  ic 

the  Temperature  Probe  Recovery  Factor,  K 
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This  method  has  the  advantage  that  K  can  be  determined  independently  of 
Ta*  although  it  is  essential  that  it  remains  constant.  If  Ta  is  known,  say 
from  radiosonde  data,  it  can  be  used  to  help  establish  the  slope  of  the  line. 

3.  Recovery  factors  can  also  be  determined  in  conjunction  with 
airspeed  calibrations  made  with  the  tower  fly-by  method.  In  this  case 

a  very  nearly  constant  pressure  altitude  is  maintained  during  each  pass 
by  the  tower.  By  recording  temperature  in  the  tower  and  in  the  aircraft 
for  each  pass,  the  value  of  K  can  be  established  using  either  of  the 
presentations  described  in  the  preceeding  paragraphs.  This  method 
assumes  that  temperatures  recorded  in  the  tower  are  the  same  as  the 
ambient  temperatures  at  the  probe  located  on  the  aircraft.  Errors  may 
be  incurred  if  the  aircraft  is  flown  higher  than  the  tower,  which  it  usually 
is,  and  a  pronounced  temperature  gradient  exists.  Tower  fly-bys  are  best 
made  during  the  early  morning,  however,  when  the  air  is  most  stable 
near  the  ground  and  temperature  gradients  are  small. 

4.  The  speed  course  method  of  obtaining  airspeed  calibrations 
alffn  yields  data  from  which  values  of  K  can  be  computed.  From  Section  2.  52 


- -  v 

38.967 

Substituting  this  expression  into  equation  2,  30 

Tic  .  Ta  +  KVt2  6-5 

7592 

where  V*  is  in  knots  and  T^c  and  Ta  are  in  *K.  The  results  are  plotted 
as  Tic  versus  V*.  Then,  the  slope  of  a  line  faired  through  the  data  is 
equal  to  (+K/7592).  The  intercept  on  the  TjC  axis  is  Ta.  (See  Figure  6.4) 
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Figure  6. 4 

Plot  of  t.  vs  V,^  Used  to  Determine  the 

1C  t 

Temperature  Probe  Recovery  Factor,  K 


can  be  used  with  this  method  also  as  an  aid  in  establishing  the  slopt 
of  the  line  through  the  test  points.  It  is  necessary,  however,  to  have 
low  wind  conditions  or  a  considerable  error  in  and  hence  K  may 

result. 

When  the  value  of  K  is  established,  free  air  temperature  is  most 
easily  determined  from  equation  2.30.  Chart  8.2  has  been  included 
in  Section  8  to  facilitate  this  operation. 

Temperature  probe  recovery  factors  for  supersonic  flight  may  be 
determined  from  the  methods  described  in  paragraphs  1  and  2  above. 
Supersonic  pacer  aircraft  with  well  established  probe  calibrations  for 
the  flight  conditions  obtained  with  high  speed  test  aircraft  are  not  generally 


98 


available,  however,  the  method  described  in  paragraph  2,  where  the  te6t 
aircraft  is  flown  at  constant  pressure  altitude,  may  be  used  but  additional 
flight  time  will  probably  be  required  to  define  K  values  satisfactorily. 
Consequently,  the  use  of  radiosonde  data  is  likely  to  be  best  at  supersonic 
speeds.  Recommended  temperature  accuracies  of  radiosondes  listed  in 
Air  Weather  Service  TR105-133  are 

+  1. 5°C  from  +  40*C  to  -  50*C 

+  2,  0 *C  from  -  50*C  to  -  70*C 

+  3.  0 °C  from  -  70*C  to  -  90*C 

These  values  were  recommended  as  representing  reasonable  accuracies 
to  be  expected  of  the  temperature  data  obtained  from  radiosondes  used  by 
the  various  United  States  meteorological  services.  For  most  accurate 
results,  ambient  temperatures  from  radiosonde  data  should  be  based  on 
three  or  more  soundings  obtained  from  stations  surrounding  the  area  in 
which  the  test  aircraft  is  flown.  These  soundings  should  be  made  within 
2  or  3  hours  of  the  time  test  data  is  taken.  Also,  it  is  best  to  examine  the 
most  recent  weather  charts  prior  to  flight  so  that  possible  frontal  passages 
with  significant  temperature  differences  may  be  avoided. 
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SECTION  7 


DATA  REDUCTION  OUTLINES 


7.  1  CORRECTION  OF  AIRSPEED  INDICATOR  AND  ALTIMETER  FOR 

PRESSURE  LAC  DURING  CONSTANT  CLIMB.  CONSTANT  DESCENT, 
AND/OR  ACCELERATION  (See  Section  4.  2) 


1 

XsSL 

sec 

Altimeter  Lag  Constant  at  Standard  Sea 

Level,  from  previous  calibration 

2 

xtSL 

sec 

|  Total  Pressure  Lag  Constant  at  Standard 

1  Sea  Level,  from  previous  calibration 

3 

Vic 

knots 

Indicated  Airspeed  Corrected  for 

Instrument  Error 

4 

Hic 

feet 

Indicated  Altitude  Corrected  for 

Instrument  Error 

5  i 

dHic/dt 

i 

ft/min 

Apparent  Rate  of  Climb  (+)  or  Descent(-), 
from  time  history  of  (4)  or  from  R/C  indicator 

6 

dvic/dt 

kt/sec 

i 

Apparent  Acceleration  (+)  or  Deceleration 
(-),  from  time  history  of  (3) 

*7 

< 

ta 

1 

•c 

True  Atmospheric  Temperature,  from  tjC 
and  K  and  M  and  Chart  8.  2  or  from  weather 
service. 

8 

,  VX  Hic  | 

I  _ 1 

l 

Lag  Constant  Temperature  Correction,  from 
(4)  and  (7)  and  Chart  8.62 

9 

K«Hic/  \„SL 

Static  Pressure  Lag  Constant  Ratio,  from 
(4)  and  Chart  8.61  for  Vjc  =  STATIC 

10 

XtHic/  X  tSL 

.  i 

Total  Pressure  Lag  Constant  Ratio,  from  (4) 
and  (3)  and  Chart  8.  61 

11 

Xs 

1 

sec 

Altimeter  Lag  Constant,  (1)  x  (8)  x  (9) 

12 

Xt 

sec 

Total  Pressure  Lag  Constant,  (2)  x  (8)  x  (10) 

13 

*Hicl 

feet  | 

Altimeter  Lag  Correction,  (11)  x  (5)-J-60 

14 


L  5 


16 


17 


Fl(Hic.  Vic) 


4Vicl 

knots 

Hid 

feet 

icl 


knots 


Airspeed  Indicator  Lag  Factor,  from  (3) 
and  (4)  and  Chart  8.  63 


Airspeed  Indicator  Lag  Correction,  (1Z)  x 
(6)  +[(H)  -  U2)]  x  (14)  x  (5)  ^  60 

Indicated  Pressure  Altitude  Corrected 
for  Instrument  and  Lag  Error,  (4)  «f(l3) 


Indicated  Airspeed  Corrected  for  In¬ 
strument  and  Lag  Error,  (3)  -+■  (15) 


7.  Z  LABORATORY  CALIBRATION  FOR  THE  STATIC  PRESSURE  LAG 
CONSTANT  (See  Section  4.  3) 


Case  a;  When  pressure  gages  are  used 


1 

Counter  Number 

Z 

t 

sec 

Time 

3 

Ta 

*K 

Room  Temperature,  “C  +  273.  16 

4 

Psl 

Probe  Enclosure  Static  Pressure  Gage 

Reading 

5 

Aircraft  Static  Pressure  Gage-  Reading 

6 

Plot  (4)  and  (5)  versus  (Z)  on  one  graph.  (At  any  pressure  coordinate, 
the  time  difference  between  (4)  and  (5)  is  the  static  pressure  lag 
constant  for  that  pressure.  This  lag  will  decrea.  e  as  pressure 
increases.) 

7 

s 

sec 

Static  Pressure  Lag  Constant  for  any 

Pressure,  from  (6) 

8 

Ps/PaSL 

Pressure  Ratio  at  the  Pressure  used  to 
Determine  (7) 

9 

^  sSL 

sec 

Sea  Level  Static  Pressure  Lag  Constant, 

(7)  x  (8)  x 
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Case  b:  When  altimeters  are  used 


1 1 

| 

Counter  Number 

■ - f 

2 

t 

sec 

Time 

3 

Ta 

°K 

Room  Temperature,  °C  +  273.16 

4 

Hil 

feet 

Probe  Enclosure  Altimeter  Reading 

5 

AHic 

feet 

_ l 

Probe  Enclose  <•  Altimeter  Instrument 
Correction  Corresponding  to  (4) 

6 

**icl 

feet 

Probe  Enclosure  Simulated  Pressure 

Altitude,  Corrected  for  Instrument  Error, 

(4)  +  (5) 

7 

Hi 

feet 

Aircraft  Altimeter  Reading 

8 

AHic 

1 

feet 

Aircraft  Altimeter  Instrument  Correction 
Corresponding  to  (7) 

9 

Hic 

feet 

Aircraft  Indicated  Pressure  Altitude 

Corrected  for  Instrument  Error,  (7)  ♦  (8) 

10 

Plot  (6)  and  (9)  versus  (2)  on  one  graph.  (At  any  altitude  coordinate, 
the  time  difference  between  (6)  and  (9)  is  the  static  pressure  lag 
constant  for  that  altitude.  This  lag  will  Increase  as  altitude  increases.) 

11 

*s 

sec 

Static  Pressure  Lag  Constant  for  any  Altitude, 
from  (10) 

12 

Ps/PaSL 

Pressure  Ratio  at  the  Pressure  used  to 
Determine  (11) 

13 

XsSL 

sec 

Sea  Level  Static  Pressure  Lag  Constant, 

(12)  x  (1  1)  x  288,  16 

7.3  LABORATORY  CALIBRATION  FOR  THE  TOTAL  PRESSURE  LAG 
CONSTANT  (See  Section  4.  3) 

Case  a;  When  pressure  gages  are  used 
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Counter  Number 


2 

t 

sec 

Time 

3 

Ta 

*K 

Room  Temperature,  *C  +  273.  16 

4 

Pfl 

"Hg 

Probe  Enclosure  Total  Pressure  Gage 

Reading 

5 

Pt! 

"Hg 

Aircraft  Total  Pressure  Gage  Reading 

6 

Plot  (4)  and  (5)  versus  (2)  on  one  graph.  (At  any  pressure  coordinate, 
the  time  difference  between  (4)  and  (5)  is  the  total  pressure  lag 
constant  for  that  pressure.  This  lag  will  decrease  as  pressure 
increases. ) 

7 

S 

sec 

Total  Pressure  Lag  Constant  for  any 

Pressure,  from  (6) 

8 

pt'/PaSL 

Pressure  Ratio  at  the  Pressure  Used  to 

Determine  (7)#  (5)/29.J32 

\ 

9 

X  tSL 

sec 

Sea  Level  Total  Pressure  Lag  Constant, 

(7)  x  (8)  288.16 

(3) 

Case  b:  When  airspeed  indicators  are  used 
I  I  Counter  Number 


sec 

Time 

•K 

Room  Temperature,  *C  +  273,  16 

"Hg 

Room  Ambient  Pressure 

knots 

Probe  Enclosure  Airspeed  Indicator  Reading 

knots 

Probe  Enclosure  Airspeed  Indicator  Instru¬ 
ment  Correction  Corresponding  to  (5) 

knots 


Aircraft  Airspeed  Indicator  Reading 


8  ! 

Vi 

knots 

Aircraft  Airspeed  Indicator  Reading 

i 

9  ! 

i 

1 

AV1C 

knots 

Aircraft  Airspeed  Indicator  Instrument 
Correction  Corresponding  to  (5) 

10 

Vic 

knots 

Aircraft  Indicated  Airspeed  Corrected 
for  Instrument  Error,  (8)  +  (9) 

11 

Plot  (7)  and  (10)  versus  (2)  on  one  graph.  (At  any  airspeed  coordinate, 
the  time  difference  between  (7)  and  (10)  is  the  total  pressure  lag 
constant  for  that  airspeed.  This  lag  will  decrease  as  airspeed 
increases. ) 

12 

Xt 

sec 

Total  Pressure  Lag  Constant  for  any 

Airspeed,  from  (11) 

13 

9cic 

"Hg 

Differential  Pres  sure  Corresponding  to 
the  Airspeed  Used  to  Determine  (12),  from 
Table  9.  6 

14 

Pt’ 

"Hg 

Total  Pressure  Corresponding  to  the 

Airspeed  Used  to  Determine  (12),  (4)  +  (13) 

15 

P<'/PaSL 

pressure  Ratio  at  the  Airspeed  Used  to 
i  Determine  (12),  (14)/29.92 

i 

16 

X  tSL 

sec 

Sea  Level  Total  Pressure  Lag  Constant, 

1  (12)  x  (  15)  x  288.  16 

— 

7,  4 

PRESENTATION  OF  RESULTS  OF  POSITION  ERROR  CALIBRATIONS 
AND  EXTRAPOLATION  PROCEDURES  (See  Section  5.4) 

A  position  error  calibration  is  usually  conducted  at  a  series  of  speeds 
for  a  given  altitude.  From  this  data  it  Is  possible  to  determine  AVpc 
(and/or  APp/qcjc)  for  a  series  of  Vjc  (or  Mjc)  at  a  given  Hic  as  shown  in 
Data  Reduction  Outlines  7,  5^  7,6,  7,7  and  7,8,  This  information  should 
be  plotted  in  accordance  with  the  following  outline: 


For  Mic<  0*6,  plot  AVpc  versus 


For  0.6,  plot 


*V<W  v,T*'“  Mic‘or  Hlc 


The  plot  of  AVpC  versus  V^c  is  good  for  &U  altitudes  for  which  there 
are  no  Mach  number  effect*.  (Mach  number  effects  will  appear  as 
altitude  breakoffs  at  the  high  speed  end  of  the  curve. )  The  plot  of 
AP qc^  versus  M^c  is  good  for  all  altitudes  for  which  there  are  no 
Cldc  (®W/  6jc )  effects.  (Such  effects  will  appear  as  n\V/6lc  breakoffs, 
usually  at  the  low  speed  end  of  the  curve. )  A  check  at  a  second  altitude 
should  be  made  to  see  if  there  are  any  such  altitude  breakoffs:  The 
following  typical  result  may  be  obtained. 
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c 


nW 

*lc 


In  the  final  report,  the  position  error  is  usually  plotted  as  AHpC  and  AV^ c 
versus  V^c  for  constant  Hjc.  For  each  H^c  for  which  such  plots  are  desired: 


l 

H. 

1C 

feet 

Indicated  Altitude  Corrected  for  Instrument  Error 

for  which  plot  is  desired. 

z 

Vic 

knots 

Arbitrary  Indicated  Airspeed  Corrected  for  Instrument 

Error. 

3 

Mic 

Indicated  Mach  Number  Corrected  for  Instrument 

Error,  from  (U  and  (2)  and  Chart  8.  5. 

4 

ga 

Position  Error  Pressure  Coefficient,  from  plot  of 

APp/qcic  ver,UB  Mic  for  (3)and(1)- 

5 

AV 

pc 

knots 

Airspeed  Indicator  Position  Error  Correction,  from 
(Z)  and  (4)  and  Chart  8.  11  or  from  plot  of  AVpC 
versus  V^c  for  (l)  and  (Z). 

6 

AH 

pc 

feet 

Altimeter  Position  Error  Correction,  f.  5)  and 

(Z)  and  (l)  and  Chart  8.13.  (For  small  errors,  say 

AVpc  <  10  knots,  the  approximate  Chart  8.12  may 
be  used. ) 

7 

Plot  AV  and  AH  versus  V.  for  H,  .  Repeat  for  other  H,  .  * 

pc  pc  ic  ic  r  ic 

*  In  the  case  of  low  speed  aircraft  in  which  there  are  no  M^c  effects  or  high  speed 

aircraft  in  which  there  are  no  n  W/ 6.  effects,  the  curve  of  AH  _  versus  V. 

'  ic  pc  ic 

for  one  altitude  can  be  extrapolated  to  other  altitudes  by  the  following  procedure: 
Case  a:  Low  Speed  Aircraft  (No  Mic  effect) 
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Indicated  Altitude  Corrected  for  Instru¬ 
ment  Error  Corresponding  to  an  Arbitrary 

Vic 


Altimeter  Position  Error  Correction 
Corresponding  to  (1) 

Density  Ratio  Corresponding  to  (1), 
from  Table  9.  2 


Arbitrary  Indicated  Altitude  Corrected 
for  Instrument  Error 


Density  Ratio  Corresponding  to  (4),  from 
Table  9.2 


Altimeter  Position  Error  Correction 
Corresponding  to  (4)  for  same  Vic  as  (1), 
(2)  x  (3)  -*-  (5) 

aft  (No  nW/6ic  effect) 

Indicated  Altitude  Corrected  for  Instru¬ 
ment  Error  Corresponding  to  an  Arbitrary 

Vic. 


Altimeter  Position  Error  Correction 
Corresponding  to  (1) 

Air  Temperature  Corresponding  to  (1), 
from  Table  9.  2 


Arbitrary  Indicated  Altitude  Corrected  tor 
Instrument  Error 


Air  Temperature  Corresponding  to  (4), 
from  Table  9.  2 


.5  THE  TOWER  FLY-BY  METHOD  (See  Section  5.6.1) 


Pass  Number 


7  Hc  feet 

8  Hi  feet 


Hc  feet 


8  Hi  feet 


AHiC  feet 


10  Hic  feet 


1 1  AHpc  feet 


12  Vj  knots 


13  A  Vic  knots 


14  Vic  knots 


Time  of  Day 
Theodolite  Reading 

Aircraft  Height  Above  (+)  or  Below  (-) 
Theodolite  Reference  Altitude,  from  (3) 

Pressure  at  Reference  Altitude,  from  weather 
service  or  theodolite  altimeter  set  at  29.92 
and  Corrected  for  Instrument  Error.  (If 
altimeter  is  used  (6)  below  is  obtained 
directly. ) 

Theodolite  Reference  Pressure  Altitude, 
from  (5)  and  standard  atmosphere 
(Table  9.2) 

Pressure  Altitude  of  Aircraft,  (6)  4-  (4) 

Aircraft  Indicated  Altitude 

Aircraft  Altimeter  Instrument  Correction 
Corresponding  to  (8) 

Indicated  Pressure  Altitude  Corrected  for 
Instrument  Error,  (8)  +  (9) 

Aircraft  Altimeter  Position  Error  Correction 
(7)  -(10) 

Aircraft  Indicated  Airspeed 

Airspeed  Indicator  Instrument  Correction 
Corresponding  to  (12) 

Indicated  Airspeed  Corrected  for  Instru¬ 
ment  Error,  (12)  4  (13) 


Indicated  Mach  Number  Corrected  for 


Instrument  Error,  from  (10)  and  (14)  and  Chart 
8.  5 
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16 

knots 

Airspeed  Indicator  Position  Error 

Correction,  from  (10)  and  (11)  and  (14)  and 
Chart  8.13.  (For  small  errors,  say 

AHpC  <1000  feet,  the  approximate  Chart 

8. 12  can  be  used) 

17 

APp, 

Position  Error  Pressure  Coefficient, 

qcic 

from  (14)  and  (16)  and  Chart  8.  11.  (This 

must  be  determined  only  for  Mjc>  0.  6 

or  so. ) 

Note:  For  presentation  of  results  and  extrapolation,  see  Data  Reduction 
Outline  7.4. 


7.  6  THE  GROUND  SPEED  COURSE  METHOD  (See  Section  5.  6.  2) 


1 

Pass  Number 

2 

feet 

Course  L>ength 

3 

Atx 

sec 

Time  Across 

4 

At2 

sec 

Time  Back 

5 

mmm 

ft/  sec 

Ground  Speed  Across,  (2)  -j-  (3) 

6 

V 

ft/sec 

Ground  Speed  Back,  (2)  ~  (4) 

i 

vt 

ft/sec 

True  Speed  or  Average  Ground  Speed, 

(5)  +  (6)  ^2 

8 

Vt 

knots 

True  Speed,  0.  5921  x  (7) 

9 

Ah 

feet 

Estimated  Height  of  the  Aircraft  Above 
the  Ground 

10 

*a 

•c 

Atmospheric  Temperature  at  Aircraft 

Height,  Ground  Temperature  -  0.00198  (9) 

11 

M 

Mach  Number,  from  (8)  and  (10)  and  Chart 
8.4 

12 

Vi 

knots 

Indicated  Airspeed 
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13 

AV. 

1C 

knots 

Airspeed  Indicator  Instrument  Correction 
Corresponding  to  (12) 

14 

V1C 

knots 

■■ 

Indicated  Airspeed  Corrected  for  Instru¬ 
ment  Error,  (12)  +  (13) 

15 

Hi 

feet 

Indicated  Altitude 

16 

^Hic 

feet 

Altimeter  Instrument  Correction 
Corresponding  to  (15) 

17 

H1C 

feet 

Indicated  Altitude  Corrected  for  Instru¬ 
ment  Error,  (15)  +  (16) 

18 

Mic 

Indicated  Mach  Number  Corrected  for 
Instrument  Error,  from  (14)  and  (!7)  and 
Chart  8.  5 

19 

*Mpc 

Machmeter  Position  Error  Correction, 

(11)  —  (18) 

20 

££e. 

9c  ic 

Position  Error  Pressure  Coefficient,  from 
(19)  and  (18)  and  Chart  8.  18.  (For  small 
errors,  say  AMpC  4  0,04,  the  approximate 
Chart  8.17  may  lie  used. ) 

21 

AV 

knots 

Airspeed  Indicator  Position  Error  Correction 
from  (14)  and  (20)  and  Chart  8.  11 

Note:  For  presentation  of  results  and  extrapolation,  see  Data  Reduction 
Outline  7.  4 


7.  7  THE  PACER  METHOD  (See  Section  5.  6.  3) 
Case  a:  The  Stabilized  Flight  Method 


1 

Pa 8 s  Number 

2 

Hc 

feet 

Pressure  Altitude,  pacer  Hi  +  AHjc  AHpC 

3 

Vc 

knots 

Calibrated  Airspeed,  pacer  Vj  +  AVic  +  AVpC 

1  10 


H 


feet 


Test  Aircraft  Indicated  Altitude 


5 

AHic 

feet 

j - 

Test  Aircraft  Altimeter  Instrument 

Correction  Corresponding  to  (4) 

6 

Hie 

feet 

Test  Aircraft  Indicated  Altitude  Corrected 
for  Instrument  Error,  (4)  +  (5) 

7 

*HpC 

feet 

Test  Aircraft  Altimeter  Position  Error 
Correction  (2)  _  (6) 

8 

vi 

knots 

Test  Aircraft  Indicated  Airspeed 

9 

AVic 

knots 

Test  Aircraft  Airspeed  Indicator  Instrument 
Correction  Corresponding  to  (8) 

10 

^ic 

knots 

Test  Aircraft  Indicated  Airspeed  Corrected 
for  Instrument  Error,  (8)  -t  (9) 

11 

iVpc 

knots 

Teet  Aircraft  Airspeed  Indicator  Position 
Error  Correction,  (3)  _  (10)  or  from  (7)  and 
(6)  and  (10)  and  Chart  8.  13.  (For  small 
errors,  say  AHpC^1000  feet,  the  approxi¬ 
mate  Chart  8.  1  Z  may  be  used. ) 

1 

| 

! 


Note:  With  the  altimeter  and  airspeed  indicator  systems  both  using  the  same 


static  source,  AHpC  and  AVpc  are  related  according  to  Chart  6,  12  or  8.13. 

In  the  pacer  calibration  AHpC  and  AVpC  are  both  determined  independently; 
hence  one  of  the  values  is  redundant.  The  altimeter  is  a  much  more  reliable 


instrument  than  the  airspeed  indicator  regarding  such  things  as  repeatability 


and  hysteresis  so,  in  general,  it  is  best  to  rely  on  the  calibrated  AHpC  and 
calculate  AVpC.  It  is  possible,  however,  for  low  airspeeds  and  low  altitudes 
that  AVpC  may  give  better  results. 


12 

Mic 

Indicated  Mach  Number  Corrected  for 
Instrument  Error,  from  (6)  and  (10)  and  Chart 
8.  5 

13 

9cic 

Position  Error  Pressure,  Coefficient,  from 
(10)  and  (11)  and  Chart  8.  11.  (This  step  is 
necessary  Oily  for  Mic  >  0.  6  or  so.  ) 

Ill 


1 

Note:  For  presentation  of  results  and  extrapolation,  see  Data  Reduction  I 

Outline  7.4  I 


Case  b:  The  Aircraft  Fly-By  Method 


1 

1 

1 

i 

Pass  Number 

2 

Hc 

feet 

Pressure  Altitude,  pacer  H;  +  AHic  +  AHpC 

3 

Hi 

feet 

Test  Aircraft  Indicated  Altitude 

4 

AHjc 

feet 

Test  Aircraft  Altimeter  Instrument  Correction 
Corresponding  to  (3) 

5 

o 
•  —* 

X 

feet 

Test  Aircraft  Indicated  Altitude  Corrected 
for  Instrument  Error,  (3)  r  (4) 

6  j 

_ j 

AHpc 

feet 

Test  Aircraft  Altimeter  Position  Error 
Correction,  (2) _  (5) 

7  j 

f 

vi 

knots 

Test  Aircraft  Indicated  Airspeed 

8 

AVlC 

knots 

Test  Aircraft  Airspeed  Indicator  Instru¬ 
ment  Correction  Corresponding  to  (7) 

9 

Vic 

, 

knots 

Test  Aircraft  Indicated  Airspeed  Corrected 
for  Instrument  Error,  (7)  +  (8) 

10 

AVPc 

knot  8 

Test  Aircraft  Airspeed  Indicator  Position 

Error  Correction,  from  (6)  and  (5)  and  (9) 
and  Chart  8.  13.  (For  small  errors,  say 

AHpC  ,4  1000  feet,  the  approximate  Chart 

8.  12  may  be  used.  ) 

11 

Mic 

Indicated  Mach  Number  Corrected  for 
Instrument  Error,  from  (5)  and  (9)  and  Chart 

8.  5 

12 

,app 

9cic 

Position  Error  Pressure  Coefficient,  from 
(9)  and  (10)  and  Chart  8.  1 1 .  (This  step  is 
necessary  only  for  MjC  >  0.  6  or  so. ) 

Note:  For  presentation  of  results  ana  extrapolation  see  Data  Reduction 
Outline  7.  4 


7.8  ALTITUDE  PRESSURE  COMPARISON  METHODS  REQUIRING  PRESSURE 
SURVEY  (See  Section  5.6.4) 

1  Determine  a  survey  plot  of  tepeline  altitude  versus  pressure  altitude 
by  one  of  the  methods  discussed  in  Section  5.  6.4 


A 

o  » 

c  v 

§.£ 

«d  2 

HC 

3  ~  Data  Points 

Pressure  Altitude,  H 

c 

2 

h 

feet 

Tapeline  Altitude,  from  radar  or 

Askania  data. 

3 

He 

feet 

Aircraft  Pressure  Altitude,  from  (1) 
and  (2) 

4 

Hi 

feet 

Indicated  Altitude 

5 

AHic 

feet 

Aliimeter  Instrument  Correction  Corres¬ 
ponding  to  (4) 

6 

Hic 

feet 

Indicated  Altitude  Corrected  for  Instru¬ 
ment  Error,  (4)  +  (5) 

7 

AHpC 

feet 

Altimeter  Position  Error  Correction, 

(3)  -(6) 

8 

Vi 

knots 

Indicated  Airspeed 

9 

*vic 

1 

knots 

Airspeed  Indicator  Instrument  Correction 
Corresponding  to  (8) 

10 

Vic 

knots 

Indicated  Airspeed  Corrected  for  Instru¬ 
ment  Error,  '8)  +  (9) 

11 

Mjc 

Indicated  Mach  Number  Corrected  for 
Instrument  Error,  from  (6)  and  (10)  and 
Chart  8.  5 
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r 


12 

AVpc 

knots 

Airspeed  Indicator  Position  Error 

Correction,  from  (7)  and  (6)  and  (10) 
and  Chart  8.13.  (For  small  errors, 

say  AHpC  1000  feet,  the  approximate 

Chart  a.  12  may  be  used.  ) 

13 

APP 

‘-Icic 

! 

Position  Error  Pressure  Coefficient,  from 
(10)  and  (12)  and  Chart  3.  11.  (This  step 
is  necessary  only  for  Mic  >0.6  or  so.) 

Note:  For  presentation  of  results  and  extrapolation  see  Data  Reduction 
Outline  7 .  4. 

7.9  CALIBRATION  FOR  TEMPERATURE  PROBE  RECOVERY  FACTOR 
(See  Section  6.  2) 


Case  a:  K  determined  from  plot  of  K  versus  M 


1 

Pass  Number 

2 

Hi 

feet 

Altimeter  Reading 

3 

AHic 

feet 

Altimeter  Instrument  Correction  Corres¬ 
ponding  to  (2) 

4 

Hic 

feet 

Indicated  Pressure  Altitude  Corrected  for 
Instrument  Error,  (2)  +  (3) 

5 

AHpC 

feet 

Altimeter  Position  Error  Correction 
Corresponding  to  (4) 

6 

Hc 

feet 

True  Pressure  Altitude,  (4)  +  (5) 

7 

V! 

knots 

Airspeed  Indicator  Reading 

3 

*vlc 

knots 

Airspeed  Indicator  Instrument  Correction 
Corresponding  to  (7) 

9 

vic 

knots 

Indicated  Airspeed  Corrected  for  Instrument 
Error,  (7)  ‘♦-•(8) 

Calibrated  Airspeed,  (9)  +  (10) 


Free  Stream  Mach  Number,  from  (6) 
and  (11)  and  Chart  8.  5 


Temperature  Probe  Reading 


Temperature  Probe  Instrument  Correc 
tion  Corresponding  to  (13) 


Indicated  Temperature  Corrected  for 
Instrument  Error,  (13)  +  (14) 


Indicated  Temperature  Corrected  for 
Instrument  Error,  (15)  +  273.  16 


Ambient  Temperature,  from  previously 
calibrated  probe  or  from  weather  service 


(16)  -  (17) 


Temperature  Probe  Recovery 
5  [(18)  _!]-*- (12)^ 


Factor, 


20  Plot  (19)  versus  (12)  and  fair  a  line  through  the  points  giving  an  average 
value  for  K.  Soe  Figure  6.2 


21  K 


Temperature  Probe  Recovery  Factor,  from 
plot  of  (20) 


Case  b:  K  determined  from  plot  of  l/Tj,c  versus  M2/Tj^ 


l  to  16  as  in  case  "a"  above 


M2/Ti 


l/*K  |  (1 8)  x  (17) 


Plot  (17)  versus  (19)  and  fair  a  straight  line  through  the.  points. 

(If  Ta  is  known  it  may  be  plotted  as  l/Ta  *  l/Tjc  at  *  0  and  be 
used  to  fair  in  the  line.  )  See  Figure  6.  3 


22  K  Temperature  Probe  Recovery  Factor, 

_  5  x  (21) 

2 

Case  c:  K  determined  from  plot  of  T.  versus  (Speed  Course 

Method)  1C 


1 

1 

« 

Pass  Number 

2 

feet 

Course  Length 

3 

Ati 

sec 

Time  Across 

vj 

i  at2 

sec 

Time  Back 

5 

vt, 

ft/sec 

Ground  Speed  Across,  (2)  —  (3) 

Vt2 

ft/ sec 

Ground  Speed  Back,  (2)>V  (4) 

7 

vt 

ft/ sec 

True  Airspeed,  (assumed  to  be  Average 
Ground  Speed,  )  H5)  +  (6)^-r  2 

8 

V<2 

knots 

True  Airspeed,  0.  5921  x  (7) 

9 

Vt 

knots2 

(8)2 

10 

n 

•c 

Temperature  Probe  Reading 

1  1 

Atic 

eC 

Temperature  Probe  Instrument  Correction 
Corresponding  to  (10) 

12 

j 

‘ic 

| 

*c 

Indicated  Temperature  Corrected  for 
Instrument  Error,  (10)  +  (11) 

13 

T 

1  1C 

°K 

Indicated  Temperature  Corrected  for  Instru¬ 
ment  Error  (12)  +  273.  16 

I 


Plot  (13)  versus  (9)  and  fair  a  straight  line  through  the  data.  (If 
Ta  is  known  it  may  be  plotted  as  Ta  *  Tic  at  Vt2  0  and  be  used 
to  fair  in  the  line.)  See  Figure  6.4. 


m 

Slope  of  the  straight  line  of  (14).  For 
any  two  points  on  the  line,  1  and  2,  the 

slope  is  equal  to: 

~  ^  (Tic)  2  -(Tic)  1 

wrr=wTi 

K 

Temperature  Probe  Recovery  Factor, 

7592  x  (15) 
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SECTION  8:  CHARTS 


CHART  8.1 
(See  paragraph  1.1.3  ) 


GEOPOTENTIAL  ALTITUDE,  H  (  G/  gglj).  (Thousands  of  Feet)  versus 
ALTITUDE  CORRECTION  FACTOR,  h  -  H(G/gSL),  (Feet) 


h  -  H(-S-) 

gSL 


r  -  H  (-£-) 
gSL 


where:  H  =  geopotential  altitude,  geopotential  feet 

h  =  tapeline  altitude,  feet 
r  =  2G, 930, 000  feet 
G/  ggL  =  l  foot/  geopotential  foot 


Example: 

Given:  H  =  76,500  geopotential  feet 

Required;  Tapeline  altitude,  h  in  feet 
Solution:  H  (G/  ggj^)  =  76,500  feet 

From  Chart  8.1,  h  -  H(G/  gg^)  =  283  feet 
h=  ^(G/gsL}J  +  [h-H(G/gSL}]  =  76,783  feet 


118 


GEOPOTENTIAL,  H(G/ggL)  (Thousand*  of  Feet) 
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ECTION  FACTOR,  h-H(G/ggL)  (Feet) 


CHART  8.1 


« 

CHART  8.2 
(See  paragraph  2.4) 

MACH  NUMBER.  M  vs  ATMOSPHERE  TEMPERATURE,  T 

Si 

(°K)  or  t  (°C  )  for  INDICATED  TEMPERATURE,  t.c  (°C)  = 

CONSTANT  and  TEMPERATURE  PROBE  RECOVERY  FACTOR,  K  = 

CONSTANT 


ALSO 

MACH  NUMBER,  M  vs  RATIO  OF  INDICATED  TO  ATMOSPHERIC 

TEMPERATURE.  T.  /  T  (  °K/ °K)  for  TEMPERATURE  PROBE 
-*  l  c  s 

RECOVERY  FACTOR,  K  =  CONSTANT 


Example : 

Given: 

Required: 


M  =  0.  785;  K  =  0.  80; 

— —  and  t  ( °C  ) 
a 

Use  Page  1  of  Chart  8.  Z  . 

T. 

—  =  1.0985;  t  =  -11. 

Ta 


t.  =  15°C 
ic 

For  the  given  conditions, 
0°C 


Solution: 


(H./H.) 
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CHART  8.2 


1.00 


MACH  NUMBER.  M 


(*K/*K) 


MACH  NUMBER 


CHART  8.21 


Knots 


CHART  8.21 


CHART  8.3 
(See  paragraph  2.5.1) 


PRESSURE  ALTITUDE,  H£  (Thousands  of  Feet)  versus 
SPEED  -  MACH  NUMBER  RATIO,  Vg/M  (Knots) 


V 

e 


M 


where  a  and  <r  correspond  to  Hc 


Example: 


Given: 

Required: 

Solution: 


M  =  0. 39;  H  =  18,000  Feet 
c 

V  in  Knots 
e 

-Xfi-  =  466  Knoiis 
M 

V 

V  =  (  — £)  M  =  139.8  Knots 


EQUIVALENT 
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PRESSURE  ALTITUDE.  H  (Thousand*  of  Feet) 


CHART  8.4 
(See  paragraph,  2.  5.2) 

TEST  DAY  TRUE  SPEED,  Vtt  veraua  TEST  DAY  ATMOSPHERIC 
TEMPERATURE,  tat(°C)  for  MACH  NUMBER,  M  a  CONSTANT 

Vtt  =  38. 967 M  J tat(°C)  +  273.16,  knots 


ALSO 

TRUE  SPEED  FOR  STANDARD  DAY,  Vt-  veraua  STANDARD  DAY 
ATMOSPHERIC  TEMPERATURE,  taa(°C)  for  MACH  NUMBER, 

M  =  CONSTANT 

V.  =  38. 967  M  ft  (°C)  +  273.16,  knote 

1 8  V  8 

where  t  correeponda  to  H  . 

A  0  0 

Example: 

Given:  M  =  2.15j  t  ,  =  -  60°C 

at 

Required:  Vtt  In  knota 

Solution:  Uae  Page  4  of  Char't  8. 4.  For  tha  given  condition* 

Vtt  =  1223,  knot* 
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TRUE  SPEED,  V  (Knots) 


132 


TEMPERATURE,  ta  (’C) 

CHART  8.4 


CHART  8.4 


TRUE  SPEED,  V.  (Knot*) 
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CHART  8.5 
(See  paragraph  2. 5. 2) 


MACH  NUMBER  .  M  versus  CALIBRATED  AIRSPEED,  V  for 

c 

PRESSURE  ALTITUDE,  Hr  =  CONSTANT 


and 

MACH  NUMBER.  M  versus  CALIBRATED  AIRSPEED,  V  for 

c 

STANDARD  DAY  TRUE  SPEED,  =  CONSTANT 


ALSO 


INDICATED  MACH  NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR. 
Mic  versus  INDICATED  AIRSPEED  CORRECTED  FOR  INSTRUMENT 
ERROR,  Vic  for  INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR 
INSTRUMENT  ERROR.  Hic  =  CONSTANT 


Given: 

Hc 

and  Vt 

ts 

1 

(a) 

T 

—  =  1  -  6.87535 

TaSL 

(b) 

T  „ 

— =  0.751874 
TaSL 

2 

aSL 

T  Vl 

TaSL 

3 

M 

=  lis  =  V,  \_ 

a*  aSL  aSL 

Hc  ^  36.089.24  feet 

H  *  36,089.  24  feet 
c 
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(a) 

P 

a 

= 

|j  1  +  0.2M2)  -lj 

(b) 

qc 

Pa 

T (166. 921  M7)  ,1 

L  (7  -  1)^-5  J 

% 

«c 

Pa 

paSL 

p. 

paSL 

(a) 

P 

a 

PaSL 

s 

T  5.2561 

AaSL 

(b) 

P 

a 

PaSL 

= 

-4.80634  x 10‘5(Hc 

0. 223358e 

M  6  1.00 


Mil.00 


H  -  36,089.24  feet 
c 


H  ^  36,089.  24  feet 

i' 


7  (a)  =  2.23607  /(  +  l/  -  l  -  0.89293 


SL 


aSL 


paSL 


(b)  -1-  =  0.881284  /(—  +  1) 

^SL  V  PaSL 


‘SL 


qc  . 

—  ^  0.89293 
PaSL 


8  V, 


where  agL  =  661.48  knot* 


Example: 

l.  Given: 
Required: 
Solution: 


M  =  1.60;  Vc  =  400  knots 
Hc  and  Vts 


Use  Page  21  of  Chart  8.5.  Hc  =  52,850  feet;  Vig-  917. 2  knots 
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2.  Given: 


M 


50,000 


Required: 

Solution; 

3.  Given: 
Required: 
Solution: 

4.  Given: 
Required: 
Solution: 

5.  Given: 
Required: 
Solution: 


H  =  35,000  feet;  V  =  200  knots 
c  c 

M  and  V 

ts 

Use  Page  5  of  Cha rt  8.5.  M  =  0.6023;  V.  =  347.1  knots 
b  ts 

M.  =  1.60;  V.  =  400  knots 

1C  1C 

H. 

1C 

Use  Page  21  of  Chart  8.5  .  H.  =  52,850  feet 

1C 

M.  =  1.20;  H  =  50,000  feet 

ic  ic 

V. 

1C 

Use  Page  12  of  Chart  8.5.  V.  =  308.7  knots 
&  ic 


6.  Given;  H.  =  35,000  feet,  V.  =  200  knots 

ic  ic 

Required:  M 

n  ic 

Solution:  Use  Page  5  of  Chart  8.  5.  M.  =  0.6023 

6  ic 
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/■'V 


MACH  NUMBER 


0.24 


0.22 


. . MKH _ _ _ _ _ _ 

mmmmummrmmmmmmmmm 


0.20 


0.  18 


ibbbiiiiihi . . .  in  1 1  i  i  1 1  iiimi  i  up  mill 
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0.  16 
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MACH  NUMBER,’ 


CHART  8.5 


8.6  THE  CORRECTION  OF  ALTIMETER  AND/OR  AIRSPEED  INDICATOR 
READINGS  FOR  PRESSURE  LAG  ERROR 


CHART  8. 61 
(See  paragraph  4. 2. 1) 


LAG  CONSTANT  RATIO,  XHic/\gL  versus  INDICATED  PRESSURE 
ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR.  R  (Thousands  of 
Feet)  for  INDICATED  AIRSPEED  CORRECTED  FOR  INSTRUMENT  ERROR, 
V.  (Knots)  =  CONSTANT 

XH.  /*  H.  P  __ 

_ ic  7 _ ic  aSL 

XSL  y^SL  Ps  *  Qcic 


CHART  8.62 
(See  paragraph  4.2.1) 

LAG  CONSTANT  TEMPERATURE  CORRECTION  FACTOR,  \/  XH-  versus 
INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR, 
Hic  (Thousands  of  Feet)  for  TEST  DA  Y  ATMOSPHERIC  TEMPERATURE, 
t  .  (°C  )  =  CONSTANT 

a  t 


where  T  corresponds  to  H.  . 

as  r  ic 


T 


as 
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CHART  8.63 
(See  paragraph  4.2.2) 


AIRSPEED  INDICATOR  LAG  FACTOR,  F,  (H.  ,  V.  )  versus  INDICATED 

l  ic  ic 

AIRSPEED  CORRECTED  FOR  INSTRUMENT  ERROR,  V.  (Knots)  for 

ic 

INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR, 

H.  (Feet)  =  CONSTANT,  and  dH.  /dt  in  feet  per  minute, 
ic  ic  r 

G  <r 


F,  (H.  .  V.  )  = 
1  '  1C  ic' 


2.84869V.  fl  +  0.2(— i^)2l 


2  -5  V,c-  aSL 


l  '  ic '  \c 


where 


r  vic  2 

.  „  L7  -» 

“  3.5 

ps  v.  6  r 

3738.  11(«~) 

aSL  J 

correspond  to  H^c 

ALTIMETER 

Xs  dHic 

AH.  ,  =  ,  8  lc 

icl  60  dt 

XflHic  * 

s  *sSL  x  X 

^sSL 

Vic~  aSL 


4.24 


4. 21 


and  dH^c/dt  =  feet/ minute 
XsSL  =  #eCOnd8 

X*Hic/^.SL  from  Chart  8.61  for  H  ,  V.  =  STATIC 

ic  ic 
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X  /XetJ.  from  Chart  8.62  for  H.  ,  t  (°C) 
s  &r,ic  ic  at 


AIRSPEED  INDICATOR 


A  V 


dV 


icl 


-  X. 


ic 


dt 


u8  -  h) 

60 


dH- 

F.  (H.  ,  V.  )  lc 

'  i  /•  i  f  • 


1 


1C 


ic 


dt 


4.43 


where 


=  X 


^■8  H: 


1C 


sSL  \ 


sSL 


lsH 


ic 


=  X 


^tH; 


IC 


>4 


tSL  \ 


tSL  Hh. 


ic 


4.  21 


4.40 


and  dV\c/ dt  =  knots/  second 

dH.  /  dt  =  feet/  minute 

ic'  ' 

X,OT  and  X  =  seconds 

ibL  So  Lj 

XnU  /X  CT  from  Chart  8.61  for  H.  ,  V.  =  STATIC 
sH.  sSL  ic  ic 

ic 

XtH.  /X,CT  from  Chart  8. 61  for  H.  .  V. 
ic  tSL,  ic  ic 

X/ XH^C  from  Chart  8.62  for  Hic,  tat  (  °C  ) 

Fi  (H.  ,  V.  )  from  Chart  8.63  for  H.  ,  V. 

i  '  ic  ic'  ic  ic 

Example: 

Given:  XsSL  =  °*60'*  XtSL  =  010 

V.  ^  800  knotsi  H.  =  30,000  feet;  t  _  =  -30  °C 
ic  *  ic  at 

dV  dH. 

-  =  3  knots/  second;  - —  =  10,000  feet/ minute 

dt  dt 
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Required:  AH 


Solution: 


.  ,  and  AV. 
ic  l  1C  l 


From  Chart  8.61  for 


H. 

ic 


30,000  feet,  V.  =  STATIC 
ic 


sH. 

ic 

^sSL 


=  2.80 


From  Chart  8.61  for  H.  =  30,  000  feet,  V.  =  800  knots 

ic  ic 


tH. 


ic 


tSL. 


=  0.  50 


From  Chart  8.62  for  H.  =  30,000  feet;  t  =  —30  C 

1C  a  t 


=  1.063 


X 


H 


ic 


From  equation  4.  21 


X  =  0.60  (2.  80)  (l.  063)  =  l.  786 


From  equation  4.40 

\t  =  0. 10  (0.  50)  (l.  063)  =  0.  053 


From  equation  4.  24  for  dH^c/ dt  =  10,000  feet/  minute 

AH.  =  (10,000)  =  298  feet 

ic  l  60 

From  Chart  8.63  for  H^c  =  30,000  feet,  V.£  =  800  knots 

F.  (H.  ,  V  )  =  0.0030 
1  '  ic  ic  ‘ 


201 


From  equation  4.43  for  dV^c/ dt  =  3  knots/  second, 


dH.  /dt  =  10,000  feet/ minute 


ic 


AV.  ,  =  0.  053  (3)  +  *1‘786  -  °-053).  (.  0030)  10,  000 
icl  1  * 


60 


0.159  +  0.866  =  1.025  knots 
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•  10 

£ 


INDICATED  PRESSURE  ALTITUDE,  Hic  (Thousand*  of  Feet) 
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CHART  8.61 


3TH  Y/  V  HOiDVJ  NO1XD3HMO0  3H0XVH2dW3X  XNVXSNOD  0\TI 
CHART  8.62  204 


INDICATED  PRESSURE  ALTITUDE,  Hic  (Thoueande  of  Feet) 


CHART  8.7 
(See  paragraph  5.3.1) 


INDICATED  PRESSURE  ALTITUDE  CORRECTED  for  INSTRUMENT 

ERROR.  H^c  (Thousands  of  Feet)  versus  APp/  AH  c ,  ("Hg/ Feet)  for 

AH  (Feet)  =  CONSTANT 
pc 


AKpc 


0. 0010813<r4  ,  "Hg/feet 


AH 


where  03  is  measured  at  (H.  +  yPc  ) 

1C  L* 


Example: 

Given: 


H-  =  35,000  feet;  AH  =  +  2000  feet 
ic  pc 


Required:  APp  *n  "Hg 

Solution:  Use  Page  2  of  Chart  8.7.  For  the  given  conditions. 


AP 

ah" 


P  _ 


=  0.000322  "Hg/feet 


pc 
AP 


AP 


=  _ — H  A H  =  +  0.644  "Hg 

P  AH _  Pc  * 

pc 
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INDICATED  PRESSURE  ALTITUDE.  H.  (Thousands  of  Feet) 


APp/AHpC  ("Hg/Feet) 
207 


CHART  6.7 


6Pp/AHpC  ("Hg/Feet) 


CHART  8.7 


CHART  8.7 


CHART  8.8 


(See  paragraph  5.3.1) 


INDICATED  PRESSURE  ALTITUDE  CORRECTED  lor  INSTRUMENT 

ERROR,  H^c  (Thousands  of  Feet)  versus  AP  /AH  ,  ("Hg/Feet)  for 

AP  ,  ("Hg)  =  CONSTANT 

P 


AP 

- £-  =  0.0010813  ^  ,  "Hg/feet 

All 

pc 


where  <rr  is  measured  at  (  H.  + 
'  ic 


AH 


) 


Example: 

Given: 

Required: 

Solution: 


H.  =  52,  000  feet;  AP  =  -0.50"Hg 
ic  p 

AH  in  feet 
pc 

Use  Page  2  of  Chart  8.8.  For  the  given  conditions. 


AP 

AH 

AH 


P 

pc 

pc 


0.  000162 

AP 

P  = 

AP 


3090  feet 


INDICATED  PRESSURE  ALTITUDE,  H.  (Thousands  of  Feet) 


CHART  8.8 


CHART  8.8 


CHART  8.  9 
(See  paragraph  5.3.2) 


INDICATED  AIRSPEED  CORRECTED  for  INSTRUMENT  ERROR, 

Vic  (Knots)  versus  APp/AVpc  ("Hg/Knot)  for  AVpc  (Knots)  =  CONSTANT 


AP  1.4  P  ct  V.  r 

_ B  .  _ iSk  (  _i£_)  l  +  o. 

AV„  ac,  *SL  L 


V.  2 
aSL 


Vic  -  aSL 


0.  7  P 


V.  6 

52.  854  (— ^) 
aSL 


[i+o.m^.)21  [‘ ♦»•*<£>*] 

'  ■*] 

r  'v.  2  V-5  11 

V. .  < 

+  52.854  (— )  -i= - — - - 


V  a 
Vic  -  aSL 


where  P 


Example: 

Given: 


"  V.  Z 
7(ii£)  -I 
aSL 


29  92126  "Hg,  a^j  =  661. 48  knots 


Given:  V.  =  300  knots;  AV  =  -20  knots 

ic  pc 

Required:  APp  *n  " 

Solution:  For  the  given  conditions, 

AP 

=  0.0305  "Hg/knot 

AP 

AP  =  AV  =  -  0.610  "Hg 

P  AVpc  pc 
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CHART  8.10 
(See  paragraph  5.3 .2) 


INDICATED  AIRSPEED  CORRECTED  FOR  INSTRUMENT  ERROR, 

V.c  (Knots)  versus  APp/  AVpc  ("Hg/ Knot)  for  APp(nHg)  =  CONSTANT 


215 


APp/AVpc  C'Hg/ Knot) 


CHART  8.  10 


CHART  R- 11 
(See  paragraph  5.3*3) 


AIRSPEED  POSITION  ERROR  CORRECTION.  AVpc  (Knot*)  versus 
INDICATED  AIRSPEED  CORRECTED  FOR  INSTRUMENT  ERROR. 

Vic  (Knots)  for  POSITION  ERROR  PRESSURE  COEFFICIENT,  APp/qcic 


where  a^  =  661.48  knot* 


Example: 

Given: 


Required: 

Solution: 


V.  =  700  knots;  AV  =  -  20  knots 
ic  *  pc 

*V-»cic 

Use  Page  Z  of  Chart  8.11.  For  the  given  conditions, 

AP,  /  q  .  •  -  0.070 

p'  ^cic 
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INDICATED  AIRSPEED,  Vic  (Knota) 


CHART  8.11 
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CHART  8.12 
(See  paragraph  5.3.4) 


RATIO  OF  ALTIMETER  TO  AIRSPEED  INDICATOR  POSITION  ERROR 

CORRECTIONS,  AH  /  AV  (Feet/Knots)  versus  INDICATED  AIRSPEED 

pc  pc 

CORRECTED  FOR  INSTRUMENT  ERROR,  V  (Knots  )  for  INDICATED 
PRESSURE  ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR,  Hic(Feet)  = 
CONSTANT 


AH 


pc 


58. 566 


AV 


pc 


ah  r 

pc 

*£V 

Pc 


48, 880 


(-T2-) 

aSL 


V.  2 

i  +  o.  .(-IS.) 

aSL 


2.5 


(^£)6  •  ‘] 

»SL  (7^/.^  -  f 


3.5 


Vic  *  aSL 


V.  Ss  aCT 
ic  SL 


where  is  measured  at  H.  and  aCI  =  661.48  knots 
s  ic  oL 


Note: 


This  curve  is  valid  for  small  errors  only,  (say  AH^c  1000  feet  or 

AV  <  10  knots).  Chart  8.13  should  be  used  for  larger  errors, 
pc  '  ° 


Example: 

Given: 

Required: 

Solution: 


H.  =  20,000  feet;  V.  =  600  knots;  AH  =  2000  feet 
1C  ic  pc 

AV  in  knots 
pc 

Use  Page  1  of  Chart  8.12.  For  the  given  conditions, 

AH  /AV  =  147  feet/  knots 
pc'  pc  ' 

A  H 


AV 


pc 


Pc 


AH  /A  V 

pc. 


pc 


=  13.6  knots 


Note:  The  exact  solution  is  found  from  Chart  8.13  to  be  13.0  knots. 
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CHART  8. 12 


CHART  8.13 
(See  paragraph  5,3.4) 


AIRSPEED  POSITION  ERROR  CORRECTION,  AVpc  (Knots)  versus  STATIC 
PRESSURE  ERROR.  APp  {"Hg  )  for  INDICATED  AIRSPEED  CORRECTED 
FOR  INSTRUMENT  ERROR,  Y;c  (Knots)  =  CONSTANT 


and 


ALTIMETER  POSITION  ERROR  CORRECTION.  AHpc  (Feet)  versus  STATIC 
PRESSURE  ERROR,  APp  ("Hg  )  for  INDICATED  PRESSURE  ALTITUDE 
CORRECTED  FOR  INSTRUMENT  ERROR,  Hic  (Feet)  =  CONSTANT 


A 1  .SO 


AIRSPEED  POSITION  ERROR  CORRECTION,  AVpc  (Knots)  versus 
ALTIMETER  POSITION  ERROR  CORRECTION,  AHpc  (Feet)  for  INDICATED 
AIRSPEED  CORRECTED  FCR  INSTRUMENT  ERROR,  Vic  (Knots)  =  CONSTANT 
and  INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR  INSTRUMENT 
ERROR,  Hic  (Feet)  =  CONSTANT 


AP  =  0,  0010813  or  AH 
P  s  pc 


for  V.  ^  a 

tc  SL 


V. 


-  ‘•<PaSL<lfL> 


V.  2.-) 
1  +  0.2  (-£-) 
aSL 


2.  5 


j 


V 

A  pc 
aSL 


V.  Z~ 

1.  5 

V  L~ 

+  °'7PaSL 

1  +  0.2  (  -IE.) 

SL 

1  +  1.2  (  ) 
aSL 

AV  2 

(-r^) 

SL 
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for  Vic  -  »SL 


(c.6  "‘J  AVpc 

— )  . . 55  "  :•  ■*— 

SL  f  V.  2  * 5  aSL 

l7(4’  -J 

^  L  aSL _  SL  j  *SL 

!L  p  V.  2  -i  4.5 

["*>  •■] 


=  7KP*sL<a£> 


V.  5 

+  7KP-  (-1L) 
aSL  aSL 


where  K  =  166.921;  Pa  =  29. 92126  MHg  ;  agL  =  661.48  knots 


and  <r  is  measured  at  H.  +  - * 

•  ic  2 


Example: 


Given:  H.  =  35,000  feet;  AH  =+ 2000  feet 

ic  pc 

Required:  AP^  in  "Hg 

Solution:  Use  Page  3  of  Chart  8.13  for  positive  errors. 
For  the  given  conditions, 


Example  2: 


Given: 


AP  =  0.645  "Hg 
P 


V,  =  300  knots;  AV  =  -  20  knots 

ic  DC 


Required:  APp  in  "Hg 

Solution:  Use  Page  4  of  Chart  8. 13  for  negative  errors 

For  the  given  conditions 


AiPp  =  •  0.  610  "Hg 
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Example 


3: 

Given:  V.£  =  400  knots;  H{c  =  30,000  feet;  AVpc  =  +20  knots 

Required:  AHpc  in  feet 

Solution:  Use  Page  3  of  Chart  8.  13  for  positive  errors. 

For  the  given  conditions, 

AH  =  +  2440  feet 
pc 

Note:  The  approximate  solution  is  found  from  Chart  8.12  to  be 

AH  =  2260  feet, 
pc 
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CHART  8.  1  3 


(o}ouh) 


CHART  8.14 
(See  paragraph  5.3.5) 


INDICATED  MACH  NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR. 

M.  versus  RATIO  OF  MACH  METER  TO  ALTIMETER  POSITION  ERROR 

1C 

CORRECTIONS,  AM  /AH  (V^eet)  for  INDICATED  PRESSURE  ALTITUDE 

pc  pc  i  ' 

CORRECTED  FOR  INSTRUMENT  ERROR,  Hic  (Feet)  =  CONSTANT 


0.007438 


(  1  +  0.2  Mit.  ) 


Ta.  Mic 


AMn  r 
_ P£ 

AH 


pc 


M. 

0.001488  — ^ 
Taa 


,  7M.  ‘ 

(  ic 


(2  M 


ic 


ill 
-  1) 


where  T  _  is  measured  at  H.  . 

AS  ic 


M.  4s.  1.00 
ic 


1.00 


Note: 


This  curve  is  valid  for  small  errors  only,  (say  AH  <2.  1000  feet 

pc 

or  AM  <  0.04).  Chart  8.15  should  be  used  for  larger  errors, 
pc 


Example: 

Given: 

Required: 

Solution: 


M.  =  2.30;  H.  =  46, 000  feet;  AH  =  -  800  feet 
ic  ic  pc 

AM„r 

pc 

Use  Page  3  of  Chart  8.14.  For  the  given  conditions, 


AM. 


PC 


AH 


pc 


AM 


pc 


5.94  x  10 
AM 


-5 


pc 


AH 


AH 


PC 


Pc 


1 

Feet 

=  0.0475 


Note:  The  exact  solution  is  found  from  Chart  8.15  to  be 

AM  *  -  0.0470 

pc 
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CHART  8.14 


/  x  I0"5~(l05/Feet) 


INDICATED  MACH  NUMBER 


CHART  8. 15 
(See  paragraph  5.3.5) 


MACH  METER  POSITION  ERROR  CORRECTION,  AM  versus  RATIO  OF 

pc 

STATIC  PRESSURE  ERROR  TO  INDICATED  STATIC  PRESSURE,  AP  /  P# 

for  INDICATED  MACH  NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR, 

M.  =  CONSTANT 
tc 

and 

ALTIMETER  POSITION  ERROR  CORRECTION,  AH  (Feet)  versus  RATIO 

pc 

OF  STATIC  PRESSURE  ERROR  TO  INDICATED  STATIC  PRESSURE. 

AP  /P  for  INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR 
P  « 

INSTRUMENT  ERROR.  H.c  =  CONSTANT 

ALSO 


MACH  METER  POSITION  ERROR  CORRECTION,  AM  versus  ALTIMETER 

pc 

POSITION  ERROR  CORRECTION,  AH  (Feet)  for  INDICATED  MACH 

pc 

NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR,  Mlc  =  CONSTANT  and 

INDICATED  PRESSURE  ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR. 

H.  (Feet)  =  CONSTANT 
ic 


0.0010813  o-/P  AH 

s'  s  pc 

1.4M,  AM  0.7(1  -  1.6  Mj  2)  AM  2 

- IS - £  t-  - - - iS.  ,  Pc  M.  <  1.00 

(ito.ni,;)  (l  +  0.2Mi|;2)2  ic 


7(2  M(c  1  )  AMpc 
M,c(7M.c2-1) 


7  (  21  M.  4  -  23.  5  M.  2  +  4)AM  2 
IC  1C  '  pc 


M.  2  (7  M.  2  -  l  )2 

1C  '  1C  ' 


M.  >1.00 
ic 
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AH 

where  P  ie  measured  at  H.  and  cr  is  measured  at  H.  + - 

s  \c  s  ic  2. 


Example: 


Given: 

Required: 

Solution: 


M.  =  1.00,  H.  =  72,000  feet;  AH  =  2400  feet 
ic  ic  pc 

AM 


pc 

Use  Page  5  of  Chart  8.15  for  positive  errors, 


Note: 


AM  =  0.0968 
pc 

The  approximate  solution  is  found  from  Chart  8.14  to  be 

AM  =  0.0986 
pc 
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CHART  8.16 
(See  paragraph  5.3.6) 


RATIO  OF  MACH  METER  TO  AIRSPEED  INDICATOR  POSITION  ERROR 
CORRECTIONS.  AMpC/AVpc  (Vfcnots)  versus  INDICATED  MACH  NUMBER 
CORRECTED  FOR  INSTRUMENT  ERROR.  Mic  for  INDICATED  PRESSURE 
ALTITUDE  CORRECTED  FOR  INSTRUMENT  ERROR,  H.c  (Feet)  =  CONSTANT 


AM 

ST 


Pa 


£C  _  aSL  l  Jjc 


pc 


‘SL 


fl  SL  L 


V.  2 

1  +  0.2 


-,2.5 


SL  J 


(1  +  0.2  M.  ) 
'  ic  ' 


TCT 


AM. 


pc 


aSL  1 


AV 


pc 


ic 


®  aSL  aSL 


[ 


l  +  0.2  ( 


V.  21 

ic. 


SL 


2.  5 


ic 


M.  (7  M.  ‘ 
ic  '  ic 


V,c  S  *SX. 
Mlc6  1.00 


1) 


(  2  M. 


ic 


l) 


Vic  -  aSL 
Mic  >  l.  00 


Mic  <7Mic  V  >  a 

— - -IS -  *  ic  ^  aSL 


l*  Mic  ’  l> 


Mic  ^  aSL 


where  PagL  =  ^9. 92126  "Hg;  ag^  =  661,48  knots  and  Pg  is  measured 

at  H.  . 
ic 

Note:  This  curve  is  valid  for  small  errors  only,  (say  AV  <  10  knots  or 

pc 

AMpc  <  0.04)  and  should  not  he  used  when  the  position  error  is  larger. 


Example: 


Given: 

Required:  AM 

Solution: 


M.  =2.40;  H.  =  60,000  feet;  AV  =  2.0  knots 
ic  ’  ic  *  pc 


pc 


Use  Page  3  of  Chart  8.16.  For  the  given  conditions, 
c 

=  u 

AM. 


AMpc  j 

sv21  *  °- 03945 
P  AM 

AMPC  ‘  <SV*f>  AVpc  3  °-0789 

Preceding  page  blank  . 


249 


The  method  to  be  used  in  case  of  larger  errors  is  illustrated  by  the 
following  example. 


Given: 

Required: 

Solution: 


Note:  Use 


M.  =  1.00;  H.  =  35,000  feet;  AV  =  +20  knots 
ic  tc  pc 

AM 

pc 

1.  V.  -  350  knots  for  M.  ,  H.  and  Chart  8.5 

ic  ic  ic 

AP  /q  =  +0.127  for  V.  ,  AV  and  Chart  8. U 
p  etc  ic  pc 

AM  =  +0.1000  for  M.  ,  AP  /q  .  .  _.  .  0  lfl 

pc  ic  p'  ^cic  and  Chart  8.18 

2.  V,  =  350  knots  for  M,  ,  H,  and  Chart  8.5 

tc  ic  ic 

AH  =  +2510  feet  for  AV  ,  V.  ,  H,  and  Chart  8.13 
pc  pc  tc  ic 

AM  =+0.1000  for  AH  ,  H.  ,  M.  and  Chart  8.15 
pc  pc’  ic  ic 


of  the  approximate  Chart  8.16  gives  AM  =  +0.094 

pc 
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CHART  8.16 
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0.040 
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0.030 


0.025 


0.020 


0.015 


0.010 


0.005 
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CHART  8.17 
(See  paragraph  5.3.7) 


INDICATED  MACH  NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR; 

M.  versus  RATIO  OF  MACH  METER  POSITION  ERROR  CORRECTION  TO 
POSITION  ERROR  PRESSURE  COEFFICIENT,  AMp(;/  (APp/ qcic) 


AM 


pc 


(l  +  0.2  M.  )  j-  z 

- (1  +  0.2  M.  j 

1.4  M,  L 


(AP  /q  .  ) 
v  p'  Mcic' 


3.5 


-  l]  Mic  -  »• 


00 


‘ic 


AM 


r  7  ..  2  2,5 


pc 


M.„  166.921  M.c  -  (7  Mic  -  l) 


ic  L 


1C 


ITT 


7(7  1)“'  (2  Mic2  -  1) 


] 

"  Mic  -  l- 


00 


Note:  This  curve  is  valid  for  small  errors  only,  (say  AMpc<-  0.04  or 
AP  /qcic  ^  0.04).  Chart  8.18  should  be  used  for  larger  errors. 


Example: 


Given: 

Required: 

Solution: 


Mic  =  0.85;  APp/qcic  =  +0.10 

AM 


pc 

Use  Page  1  of  Chart  8. 17.  For  the  given  conditions, 
AM  /(AP/q  .  )  =  0.58 

pc  p  ^CIC 

AM 

AMnr  =  - E2 -  (AP  /q  .  )  *  +0. 058 

PC  ^Vcic*  P 

Note:  The  exact  solution  is  found  frpm  Chart  8.18  to  be 

AM  =+0.0588 
pc 


7.55 


INDICATED  MACH  NUMBER 


CHART  8.18 
(See  paragraph  5. 3. 7) 


POSITION  ERROR  PRESSURE  COEFFICIENT,  AP  /q  .  veraua  MACH 

p  ncic 

METER  POSITION  ERROR  CORRECTION,  AM  for  INDICATED  MACH 

pc 

NUMBER  CORRECTED  FOR  INSTRUMENT  ERROR,  M{  =  CONSTANT 


AP 
_ P 

^cic 


0.7  {  l  -  1.6  M.  2)  AM  2 
ic  '  pc 


1.4  M,  AM 

ic  pc  + 

(1  +  0.2  M. /)  (1  +  0.2  M.c2)2 


ic 


- rT;5~ 

(l  +  0.2MicZ)  -1 


Mic  <  1.00 


"cic 


7  (2  M. 


ic 


l) 


AM 


^p  Mic<™ic  •  l> 


pc 


7  (  21  M.  4  -  23.  5  M.  2  +  4)  AM  ‘ 
_ ' _ ic _ ic _ ' _ pc 


166.921  M 


ic 


2  i  \2 .  6 


<7Mic  -l> 


Mjci 


Example: 


Given: 


M.  =  l.  00;  AP  /  q  .  =+0.14 

ic  p'  ^cic 


Required:  AM 

’  pc 

Solution:  Uae  Page  1  of  Chart  8.18  for  positive  errors.  For  the 

given  conditions, 

AM  =  +0.111 
pc 


Note:  The  approximate  solution  is  found  from  Chart  8.17  to  be 

AM  =+0,107 
pc 


1.00 
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Values 


m  it 

4) 


H  E 

c  —• 

at 

3  .. 

a*  « 
■  ^ 

t)  Oi 


£  £ 


4) 

o 


z 


u 

o 


o 

a) 


c 

o 

•H 

a 

h 

V 

> 

c 

o 

u 


O 


II 

« 
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273. 16  + 


TABLES  9.  2  AND  9.  3 


THE  UNITED  STATES  STANDARD  ATMOSPHERE 


For  pressure  altitude,  <  36,089.24  feet: 

P  =  P  OT  (1  -  6.87635  x  10"6h  )5*2561 
a  aSL  c 


T  =  T  (l  -  6.87535  x  10‘°H  ) 
a  aSL  c 

p  =  pCT  (1  -  6.87535  x  10"6H  )4,2561 

5L  C 

/  Ta  }0'5 
=  aSL<TTsL 


For  pressure  altitude,  >  36,089.24  feet: 

P  =  6  6g32e-4.80634xl0-5(Hc  -  36,  089.24) 

a  ■"  l"  ' 

T  =  216.66  PK 

a 

p  =  0.000706U.-4- 8063411 10'5‘HC  -  36-089-24> 

a  =  573.58  knots 


Preceding  page  blank 
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TABLE  9.  2 


THE  UNITED  STATES  STANDARD  ATMOSPHERE 


He 

Pa 

6 

Ta 

fu 

9 

/r 

(Feet) 

("Hg) 

Pa/P  aSL 

(*K) 

Ta/TaSL 

-1000 

31.018 

1. 0366 

.9646 

290.15 

17.034 

1. 0069 

1 . 0034 

USTtTV 

30.907 

1.0329 

.9680 

289.95 

17.028 

1.0062 

1.0031 

-800 

30.796 

1.0292 

.9715 

289. 74 

17.022 

1. 0055 

1.0027 

-700 

30.686 

1.0255 

.9750 

289. 54 

17.016 

1. 0048 

1.0024 

-600 

30.575 

1.0218 

.9785 

289.34 

17.010 

1 . 0041 

1.0021 

-500 

30.465 

1.0182 

.9821 

289. 14 

17.004 

1 . 0034 

1.0017 

-400 

30.356 

1.0145 

.9856 

288.97 

16.999 

1 . 0028 

1.0014 

-300 

30.247 

1.0108 

.9892 

288. 77 

16.993 

1 . 0021 

1.0010 

-200 

30.138 

1.0072 

.9928 

288. 56 

16.987 

1 . 0014 

1.0007 

-100 

30.029 

1.0036 

.9963 

288. 36 

16.981 

1 . 0007 

1.0003 

0 

29.921 

1.0000 

1.0000 

288. 16 

16.975 

1.0000 

1.0000 

100 

29.813 

.9963 

1.0036 

287.96 

16.969 

.9993 

.9997 

200 

29.705 

.9927 

1.0072 

287.  76 

16.963 

.9986 

.9993 

29.598 

.9892 

1.0109 

287. 55 

16.957 

.9979 

400 

29.491 

.9856 

1.0145 

287.35 

16.951 

.9972 

.9986 

500 

29.384 

1.0182 

287.  18 

16.946 

.9966 

.9983 

600 

29.278 

.9785 

1.0219 

286. 98 

16.940 

.9959 

.9979 

700 

29.172 

.9749 

1 .0256 

286. 78 

16.934 

.9952 

.9976 

800 

29.066 

.9714 

1.0294 

286.58 

16.929 

.9945 

.9972 

900 

28.960 

.9679 

1.0331 

286.37 

16.923 

.9938 

.9969 

1000 

28.855 

.9643 

1.0369 

286.  17 

16.917 

.9931 

.9966 

1100 

28.750 

.  9608 

1.0407 

285.97 

16.911 

.  9924 

.9962 

1200 

28.646 

.9573 

1.0445 

285.77 

16.905 

.9917 

.9959 

1300 

28.542 

.9539 

1.0483 

285.60 

16.900 

.9911 

.9955 

1400 

28.438 

.9504 

1.0521 

285.  39 

16.894 

.9904 

•  9952.. 

1500  28.334  .9469  1.0559  285.19  16.888  .9897  .9948 
1600  28.231  .9435  1.0598  284.99  16.882  .9890  .9945 
1700  28.128  .9400  1.0637  284.79  16.876  .9883  .9941 


1800 

28.025 

1.0676 

284. 59 

16.870 

.9876 

.9938 

1900 

27.923 

.  9332 

1.0715 

284. 39 

16. 864 

.9869 

.9934 

2000 

27.821 

.9298 

1.0754 

284.  18 

16.858 

.  9862 

.9931 

2100 

27.719 

.9264 

1.0794 

284.01 

16.853 

.  9856 

.9928 

2200 

27.617 

.9230 

1.0834 

283.  81 

16.847 

.9849 

.9924 

2300 

27.516 

.9196 

1.0873 

283. 61 

16.841 

.9842 

.9921 

2400 

27.  415 

.  9162 

1.0913 

283.41 

16.835 

.  9835 

.9917 

2500 

27.315 

.9129 

1.0954 

283.20 

16.829 

.  9828 

.9914 

2600 

27.214 

.9095 

1.0994 

283.  00 

16.823 

.9821 

.9910 

2700 

27.114 

.9062 

1. 1034 

282. 80 

16.817 

.9814 

.9907 

2800 

27.015 

.9028 

1.1075 

282.  60 

16.811 

.9807 

.9903 

2900 

26.915 

.8995 

1.1116 

282.43 

16.806 

.9801 

.9900 
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TABLE  9.2 


TABLE  9.  3 


THE  UNITED  STATES  STANDARD  ATMOSPHERE 


.  HC  . 

<r 

1/fT 

m 

l/J/fT 

a 

(Feet) 

P/PSL 

(Knot  8) 

-1000 

1.0296 

1.0147 

.9355 

.9679 

.9613 

663. 73 

-900 

1. 0266 

1.0132 

.  9870 

.9_711 

.9652 

663. 52 

-800 

1. 0236 

1.0117 

.9884 

.9742 

.9689 

663. 27 

-700 

1.0206 

1.0103 

.9898 

.  9774 

.9727 

663.07 

-600 

1.0176 

1. 0088 

.9913 

.9807 

.9767 

662.97 

-500 

1.0147 

1.0073 

.9928 

.9338 

.9805 

662. 60 

-400 

1.0117 

1. 0059 

.9941 

.9870 

.9843 

662.41 

-300 

1. 0088 

1 . 0044 

.  9956 

.  9902 

.  9882 

662.14 

-200 

1.0058 

1. 0029 

.  9971 

.9935 

.9922 

661.94 

-100 

1.0029 

1. 0015 

.9985 

.9967 

.9961 

661.68 

0 

1.0000 

1. 0000 

1.0000 

1.0000 

1.0000 

661. 48 

100 

.9970 

.  9985 

1.0015 

1 . 0033 

1. 0040 

661.28 

200 

.9941 

.9971 

1.0029 

1 . 0066 

1. 0080 

661 . 02 

300 

.9912 

.9956 

1.0044 

1. 0099 

1.0121 

660.82 

400 

.9883 

.  9942 

1.0058 

1.0132 

1.0161 

660.55 

500 

.9354 

.9927 

"l.  0074 

1. 01 65 

1.0200 

660.36 

600 

.9825 

.9912 

1. 0039 

1.0198 

1.0241 

660. 09 

700 

.9796 

.9898 

1. 0103 

1.0232 

1.0282 

659.89 

800 

.9768 

.9883 

i.OllG 

1.0265 

1.0323 

659.63 

900 

.9739 

.9869 

1.0133 

1.0300 

1.0364 

659.  43 

1000 

.9710 

.  9C54 

1. 0143 

1.0334 

1. 0406 

659. 23 

1100 

.9840 

1. 0163 

1.0368 

1.0448 

658.97 

1200 

.9663 

.9825 

1. 0178 

1.0402 

1.0490 

658.77 

1300 

.9625 

.9811 

1.  0193 

1 . 043b 

1.0530 

658. 50 

1400 

.9596 

.9796 

1. 0208 

1.0471 

1.0573 

658.31 

1500 

1.0223 

1 . 0505 

1.0615 

658. 04 

1600 

.9540 

.9767 

1.0239 

1.0540 

1.0658 

657. 84 

1700 

.9511 

.  9753 

1.0255 

1.0575 

1. 0700 

657. 58 

1800 

.9483 

.9739 

1.0268 

1.0610 

1.0743 

657. 38 

1900 

.9455 

,  9724 

1. 0284 

1.0645 

1.0787 

657.  12 

2000 

.9427 

.  9710 

1. 0299 

1.0681 

1.0831 

656. 92 

2100 

_  .9.399 

_  .9695 

1. 0315 

1.0717 

1.0874 

656. 72 

2200 

.9371 

.  9681 

1. 03  30 

1 . 0752 

1 . 0918 

656. 45 

2300 

.9344 

.9666 

1.034* 

1.0788 

1.0962 

656, 26 

2400 

.9316 

.  9652 

1 . 0361 

1.0823 

1. 1006 

655.  99 

2500 

.9288 

.  9638 

1.0376 

1.0860 

1. 1050 

655. 79 

2600 

.9261 

,  9623 

1. 0392 

1. 0895 

1. 1094 

655. 53 

2700 

.9233 

.  9609 

1 . 0407 

1 .0932 

1.1140 

655. 33 

2800 

.9205 

.  9595 

1.0422 

1.0968 

1.  1184 

655. 07 

2900 

.  9178 

.  9581 

1 . 0437 

1.  1006 

1 .  1230 

654. 87 
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TABLE  9 . 3 


Hc 

(F  eet) 

Pa 

("Hg) 

6 

P  a/PaSL 

Ta 
(  °K) 

i  Ta 

9 

Ta/TaSL 

1  6 

3000 

26.816 

.  8962 

1.1157 

282. 22 

16.  800 

.9794 

.9896 

3100 

26.717 

.  8929 

1  1198 

282.02 

16. 794 

.  9787 

.9893 

3200 

26.619 

.  8896 

1.1240 

281.82 

16. 780 

.  9780 

.9889 

3300 

26. 521 

.  8863 

1.1282 

281 . 62 

16. 782 

.  9773 

.9886 

3400 

26.423 

.  8830 

1.1323 

201 . 42 

16. 775 

.  9766 

.9882 

3  500 

26.325 

.8798 

1.1365 

281. 22 

16. 769 

.  9759 

.9879 

3600 

26.228 

.8765 

1 . 1407 

281 . 01 

16. 763 

.9752 

.9875 

3700 

26. 131 

.  0733 

1.1450 

280.04 

16. 758 

.  9746 

.9872 

3300 

26,034 

.  8701 

1 . 1492 

280.64 

16.  752 

.9739 

.9869 

3900 

25.938 

.8668 

1.1535 

280.44 

16. 746 

.9732 

.9865 

4000 

25.841 

.  8636 

1.1578 

280.24 

16.  740 

.9725 

.9862 

4100 

25. 746 

.  8604 

1. 1621 

280.03 

16. 734 

.  9718 

.9858 

4200 

25. 650 

.  8572 

1.1665 

279.83 

16. 728 

.9711 

.9855 

4300 

25. 555 

.8540 

1. 1708 

279.63 

16. 722 

.9704 

.9851 

4400 

25. 460 

.  8509 

1. 1752 

279.43 

16. 716 

.9697 

.9848 

4500 

25. 365 

.  8477 

1. 1796 

279.26 

16.  711 

.9691 

.9844 

4600 

25. 270 

.8445 

1. 1840 

279.05 

16. 705 

.9684 

.9841 

25. 176 

.  8414 

1. 1884 

278.85 

16. 699 

.9677 

.9837 

4800 

25.002 

.  8382 

1.1929 

278.65 

16. 693 

.9670 

.9834 

4900 

24. 989 

.  8351 

1.1973 

278.45 

16. 687 

.9663 

.  9830 

5000 

24. 895 

.  8320 

1.2018 

278.25 

16.  681 

.9656 

.9827 

5100 

24. 802 

.  8289 

1.2063 

278.05 

16. 675 

.9649 

.9823 

5200 

24.710 

.  8258 

1.2108 

277,84 

1 6. 669 

.9642 

.  9820 

5300 

24. 617 

.8227 

1. 2154 

277.67 

16. 663 

.9636 

.  9816 

5400 

24. 525 

.8196 

1 . 2200 

277. 47 

16. 657 

.9629 

.  9813 

5500 

24.433 

.  8166 

1.2245 

277. 27 

.9622 

.  9809 

5600 

24.342 

.8135 

1. 2292 

277, 07 

16. 645 

.9615 

.9806 

5700 

24. 250 

.8104 

1. 2338 

276. 86 

16. 639 

.  9608 

.9802 

5800 

24. 159 

.  8074 

1 . 2384 

276. 66 

16. 633 

.9601 

.9799 

5900 

24. 063 

.  8044 

1.2431 

276. 46 

16. 627 

.  9594 

.9795 

6000 

23.978 

.  8013 

1 . 2478 

276. 26 

16. 621 

.  9587 

.9792 

6100 

23.886 

.  7983 

1 . 2525 

276. 09 

16.  6)6 

.  9581 

.  9788 

23.798 

.  7953 

1 . 2572 

275. 88 

16. 610 

.9574 

.9785 

6300 

23.708 

.  7923 

1.2620 

275.  68 

1 6 . 604 

.  9567 

.  9781 

6400 

23.618 

.  7893 

1 . 2668 

275.48 

16. 598 

.  9560 

.  9778 

6500 

23.529 

.  7863 

1.2716 

275.28 

16. 592 

.  9553 

.  9774 

6600 

23.440 

.  7834 

1 . 2764 

275.08 

16. 585 

.9546 

.9770 

6700 

23.352 

.  7804 

1.2812 

274.88 

16. 579 

.9539 

.  9767 

6800 

23.264 

.  7775 

1. 2861 

274.67 

16. 573 

.  9532 

.9763 

6900 

23.175 

.  7745 

1. 2910 

274. 50 

16. 568 

.  9526 

.  9760 

TABLE  9.2 
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Hc 

<r 

upr 

fe/i 

i/i/e 

a 

(Feet) 

P/PSL 

(Knots) 

3000 

.9151 

.9566 

1.0454 

1.1042 

1. 1275 

654.  59 

3100 

_ l9123 

.9552 

1.0469 

1. 1079 

1.1321 

654. 39 

3200 

.9538 

1.0484 

1.1116 

1. 1367 

654. 13 

3300 

.9069 

.9523 

1.0501 

1.1153 

1. 1412 

653.93 

Kim 

.9042  _ 

.9509 

1.0516 

1. 1190 

1.1458 

653. 67 

3500 

.9015 

.9495 

1.0532 

1.1228 

1. 1506 

653.47 

3600 

.8988 

.  9481 

1,0547 

1. 1265 

1.1552 

653.  20 

3700 

,8961 

.  9466 

1.0564 

1. 1304 

1.1599 

653.01 

3800 

.8934 

.9452 

1.0580 

1. 1342 

1.1647 

652. 81 

3900 

.8907 

.9438 

1.0595 

1.  1380 

1.1694 

652. 54 

4000 

.8880 

.9424 

1.0611 

1. 1419 

1.1743 

652. 34 

4100 

.8854 

.9410 

1.0627 

1. 1457 

1. 1789 

652.08 

4200 

.8827 

.  9395 

1.0644 

1.1496 

1.1838 

651.88 

4300 

.  8801 

.  9381 

1.0660 

1. 1534 

1. 1886 

651. 62 

4400 

.8774 

.9367 

1.0676 

1.1574 

1.1936 

651.42 

4500 

.8748 

.  9353 

1.0692 

1.  1612 

1.1983 

651. 15 

4600 

.8721 

.9339 

1.0708 

1.1652 

1. 2033 

650.96 

4700 

.8695 

.9325 

1.0724 

1. 1691 

1. 2002 

650. 69 

.  8669 

.9311 

1 . 0740 

1 . 1731 

1. 2132 

650. 49 

4900 

,8643 

.9297 

1.0756 

1.  1770 

1. 2180 

650. 23 

5000 

.  8616 

.9283 

1.0772 

1.1811 

1.2232 

650.03 

5100 

.8590 

.9269 

1.0789 

1. 1850 

1.2281 

649. 76 

5200 

.  8564 

.9255 

1.0805 

1. 1891 

1. 2333 

649.  57 

5300 

.8538 

.9241 

1.0821 

1.1931 

1. 2382 

649. 30 

5400 

.  8512 

.  9226 

1.0839 

1. 1972 

1. 2434 

649. 10 

5500 

.8487 

.9212 

1,0855 

1. 2012 

1.2485 

648.84 

5600 

.8461 

1. 2538 

648. 64 

5700 

.  8435 

.9184 

1.0889 

1. 2587 

648. 38 

5800 

.8409 

.9171 

1.0904 

1. 2136 

1 . 2640 

648. 18 

5900 

.  8384 

.9156 

1.0922 

1.  2177 

1. 2692 

647.91 

6000 

.  8358 

.9143 

1.0937 

1. 2219 

1. 2746 

647. 71 

6100 

.8333 

.9129 

1.0954 

1. 2260 

1.2797 

647. 45 

6200 

.  8307 

.9115 

1.0971 

1.2303 

1. 2851 

647. 25 

6300 

.  8282 

.9101 

1.0988 

1 . 2344 

1. 2904 

646. 99 

6400 

1.1005 

1. 2387 

1.2958 

646. 79 

6500 

.8231 

1.  1022 

1.2429 

1. 3010 

646. 52 

6600 

.8206 

.9059 

1.1039 

1.2471 

1.3064 

646, 26 

6700 

.8181 

.  9045 

1. 1056 

1.2514 

1. 3119 

646. 06 

6800 

.8156 

.9031 

1.1073 

1. 2557 

1. 3174 

645. 80 

6900 

.8131 

.9017 

1.1090 

1. 2601 

1,3229 

645,  60 
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TABLE  9.3 


rr 


Hc 

Pa 

s 

1/i 

Ta 

{u 

e 

rr 

(F  eet) 

("Hg) 

Pa/PaSL 

(•K) 

Ta/TaSL 

7000 

23.088 

.  7716 

1. 2959 

274.30 

16.562 

.9519 

.9756 

7100 

23.000 

1. 3008 

274. 10 

16.556 

_ .  9512 

7200 

22.913 

.  7657 

1.  3058 

273.90 

16. 550 

.9749 

7300 

22.826 

.  7628 

1.3108 

273.  69 

16. 544 

.9498 

.9746 

7400 

22.739 

.7599 

1. 3158 

273.49 

16.  538 

.9491 

.9742 

7500 

22.653 

.  7570 

1. 3208 

273. 29 

16. 532 

.9484 

.9739 

7600 

22. 567 

.  7542 

1. 3258 

273.09 

16. 525 

.9477 

.9735 

7700 

22.481 

.7513 

1. 3309 

272.92 

16. 520 

.9471 

.9732 

7800 

22.395 

.  7484 

1. 3360 

272. 71 

16.  514 

.9464 

.9728 

7900 

22.310 

.  7456 

1.  3411 

272. 51 

16.508 

.9457 

.9725 

8000 

22.225 

.  7427 

1. 3462 

272.31 

16.502 

.9450 

.9721 

8100 

22. 140 

.  7399 

1. 3514 

272. 11 

16.496 

.9443 

.9718 

8200 

22.055 

.  7371 

1. 3566 

271.91 

16.490 

.9436 

.9714 

8300 

21.971 

.  7343 

1. 3618 

271. 71 

16.484 

.9429 

.9710 

8400 

21.887 

.7314 

1.3670 

16.477 

.9422 

8500 

21.003 

.  7286 

1. 3723 

271.33 

16.472 

.9416 

.9703 

8600 

21.719 

.7259 

1, 3776 

271.13 

16.466 

.9409 

.9700 

8700 

21.636 

.7231 

L  3829 

270.93 

16.460 

.9402 

.9696 

8800 

21.553 

.  7203 

1. 3882 

270.73 

16. 454 

.9395 

.9693 

8900 

21.470 

.7175 

1. 3935 

270. 52 

16.448 

.9388' 

.9689 

9000 

21.388 

.7148 

1. 3989 

270. 32 

16.441 

.9381 

.  9686 

m. mm 

21.305 

.  7120 

1 . 4043 

270. 12 

16. 435 

.9374 

.9682 

9200 

21.223 

wmmmm 

269.92 

16.429 

.9367 

.9679 

9300 

21. 142 

1 . 4152 

269. 75 

16.424 

.9361 

.9675 

9400 

21.060 

IHueHI 

269. 54 

16.418 

.  9354 

.9671 

9500 

20.979 

.  7011 

i . 4262 

269. 34 

16.412 

.9347 

.9668 

9600 

20.393 

.  6984 

1. 4317 

269. 14 

16.406 

.  9664 

9700 

20.817 

.6957 

1 . 4372 

268.94 

16.399 

.9333 

.9661 

980C 

20.737 

.6930 

1.4428 

268. 74 

16.393 

.9326 

TWsi 

9900 

20.656 

.  6903 

1 . 4484 

263. 54 

16.387 

.9319 

.9654 

10000 

20.577 

.6877 

1. 4541 

2 68. 33 

16.381 

.9312 

.9650 

10100 

20.497 

1 . 4597 

268. 16 

16.376 

.9306 

.9647 

10200 

20.417 

.  6823 

1. 4654 

267.96 

16.369 

.9299 

.9643 

10300 

20.338 

.6797 

1. 4711 

267. 76 

16.363 

.9292 

.9639 

10400 

20.259 

.6771 

1. 4768 

267. 56 

16.357 

.9285 

.9636 

10500 

20. 180 

.  6744 

1. 4826 

267.35 

16.351 

.9278 

.  9632 

10600 

20. 102 

.  6718 

1. 4884 

267. 15 

16.  345 

.9271 

.9629 

10700 

20.024 

.6692  . 

1. 4942 

266.95 

16.339 

.9264  - 

_  .9625. 

10300 

19.946 

.6666 

1. 5001 

266. 75 

16.332 

.9257 

.9622 

10900 

19.868 

.  6640 

1. 5059 

266. 58 

16.327 

.9251 

.9618 

i 
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1/  /?// 


i/f/T 


Hc  <r 

(Feet)  p/pSL 


a 

(Knots) 


7000 

.8106 

.9004 

1.1106 

1.2643 

1. 3283 

645.34 

nmi 

1.  1123 

1.2688 

1.3340 

645. 15 

7200 

.8976 

1.  1141 

1. 2731 

1. 3395 

644.88 

7300 

.8032 

.8962 

1.1158 

1.2775 

1. 3451 

644.  68 

7400 

IHKiiTivH 

.  8948 

1.1176 

1. 2819 

1.3506 

644. 42 

7500 

.7982 

.8935 

1. 1192 

1. 2864 

1. 3564 

644.22 

7600 

.7958 

.8921 

1.1210 

1 . 2908 

1.3621 

643.96 

7700 

.7933 

.8907 

1.1227 

1.2953 

1. 3678 

643. 76 

.7909 

.8893 

1.  1245 

1. 2997 

1.3734 

643. 59 

7900 

.7884 

.8880 

1.1261 

1 . 3043 

1.3793 

643.29 

.7860 

.  8866 

1.1279 

1.3087 

1.3850 

643.03 

8100 

.7836 

.8852 

1. 1297 

1.3133 

642.85 

8200 

.  7811 

.8838 

1.1315 

1.3178 

1.3966 

642.57 

8300 

.7787 

.8825 

1. 1331 

1. 3223 

8400 

.7763 

.8811 

1.1349 

1.408 

8500 

BgKQni 

.8797 

1.1368 

1.3316 

1.414 

641.84 

8600 

.8784 

1. 1384 

1.3363 

1.420 

641.64 

B:  Wilt  Bill? 

HHWcTiyBii 

641.38 

8800 

.7667 

.8756 

1.  1421 

1.3456 

1.432 

641.18 

8900 

.7643 

.8743 

1.1438 

1.3503 

1.438 

640.91 

9000 

.7619 

.8729 

1. 1456 

1.3550 

1.444 

640. 72 

9100 

.7595 

.8715 

1.1474 

1. 3597 

1.450 

640.45 

9200 

.7572 

1. 1492 

1.3645 

1.456 

640. 25 

9300 

.7548 

.8688 

1.1510 

1.3693 

1.462 

639.99 

.7525 

.  8675 

1. 1527 

1. 3740 

1.469 

639. 72 

.7501 

.8661 

1.  1546 

1.3789 

1.475 

639. 52 

9600 

.7478 

.8648 

1. 1563 

1. 3836 

1.481 

639.26 

E¥7tTiSBH 

.7454 

.8634 

1. 1582 

1. 3886 

1.487 

KwH’flbLl 

9800 

.7431 

.8621 

1. 1600 

1.3934 

1.494 

638.79 

9900 

1. 1618 

1.3984 

638. 59 

10000 

.7384 

.8593 

1. 1637 

1. 4032 

638.31 

10100 

.7361 

.8580 

1.1655 

1. 4082 

1. 513 

638.13 

10200 

.7338 

.8566 

1. 1674 

1.4131 

aiSiii 

637.86 

10300 

.7315 

.8553 

1. 1692 

1. 4180 

637.60 

lurouHl 

.7292 

1.1710 

1.4231 

HiilH 

637.40 

.7269 

.8526 

1. 1729 

1.4281 

1.539 

637. 13 

.7246 

.8513 

1.1747 

1.4332 

I.  545 

636.94 

.7223 

.8499 

1.1766 

1.4382 

1.552 

636.  67 

10800 

.  7200 

.  8486 

1.1784 

1. 4434 

1.559 

636.47 

10900 

.7178 

.8472 

1. 1804 

1.4485 

1. 566 

636.21 
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TABLE  9.3 


(Feet)  ("Hg)  Pa/P  t 


11000. 

11100 


19.790 

19.713 


12200 

12300 

12400 


18.879 

18.805 

18.731 


18.657 

18.583 


18.510 


.6614 

6588 


11200 

19.636 

11300 

19.559 

11500 

19.407 

• 

11600 

19.331 

11700 

19.255 

I  19.179 

.  < 

I  19.104 

.( 

>  19.029 

i  18.954 

.  < 

1.5118 

1.5177 


1.  5417 
1.5478 


Ta 

(.7SL. 

266.38 

266.17 


265.37 
265. 16 


16.321 

16.315 


16.290 

16.284 


1. 5848 

263.98 

16.248 

1.5910 

263.78 

16.241 

1.5973 

263.58 

16.235 

Ta/TaSL. 

.9244 
237 


.9614 


L  1.6228 

262.80 

16.211 

.9120 

< 

• 

7  1.6293 

262.60 

16.205 

.9113 

< 

• 

J  1.6357 

262.40 

16.199 

.9106 

< 

• 

)  1.6422 

262.20 

16.192 

.9099 

#  < 

13800 

13900 

14000 

14100 


14200 

14300 

14400 


14500 

14600 


14800 

14900 


17.931 

17.860 


17.718 

17.647 

17.577 

17.507 


17.437 

17.367 

17.298 


17. 228 
17.159 
17.090 


17.022 

16.953 


.5921 

.5898 

.5874 

.5851 


.5827 
.5804 
.  5781 


.5758 
.5735 
5712 


.5689 

.5666 


1.6686 

1. 6752 

1. 6820 

261.42 

261.22 

261.02 

16. 168 
16. 162 
16. 156 

1.6887 

260.81 

16. 150 

1.6954 

260.61 

16. 143 

1. 7022 

260.41 

16. 137 

1.7090 

260.24 

16. 132 

1.715 
1. 7228 
1.7297 


1.7367 
1. 7436 


1. 7507 


1.7577 

1.7648 


260.04 

259.83 

259.63 


259.43 

259.23 

259.03 


258.83 

258.65 


16.  12 


16. 119 
16.113 


16. 107 
16. 101 
16.094 


16.088 

16.083 


.9051 

.9044 

.9037 

9031 


.9017 

.9010 


.8982 

.8976 


.9514 

.9510 

.9507 

.9503 


9499 
.9496 
.9492 


.9488 

.9485 

.9481 


.9478 

.9474 
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Hc 

(Feet) 

<r 

P/PST. 

(T 

1/  /T 

a 

(Knots) 

11000 

11100 

.  7155 
.7132 

.  8459 
.  8446 

1. 1822 

1. 1840 

1.4535 

1 . 4588 

1. 572 
1.579 

635.94 
635.  75 

.7110 

.8432 

1. 1860 

1 . 4639 

1. 586 

635.  48 

.7087 

.  8419 

1.1878 

1. 4692 

1. 593 

635. 28 

11400 

.  7065 

mW^TTiTK! 

1.1896 

1 . 4743 

1. 599 

635. 03 

11500 

.  7043 

.  8392 

1.1916 

1. 4796 

1. 6067 

634.82 

11600 

.7020 

.  8379 

1.1935 

1. 4848 

1. 6136 

634. 56 

11700 

.6998 

.  8366 

1.1953 

1. 4901 

1. 6206 

634.  29 

11800 

.  6976 

.  8352 

1. 1973 

1. 4955 

1. 6276 

634. 09 

11900 

.6953 

.  8339 

L  1992 

1 . 5007 

1 . 6345 

633. 83 

12000 

.6931 

.  8326 

1.2011 

1 . 5062 

1. 6417 

633. 63 

12100 

.6909 

.  8312 

1. 2031 

1. 5115 

1. 6488 

633. 36 

12200 

.  6387 

.8299 

1.2050 

1. 5168 

1.6557 

633.  10 

12300 

.6865 

.  8286 

1. 2069 

1 . 5224 

1. 6631 

632. 90 

12400 

.  6843 

.  8273 

1. 2088 

1 . 5277 

1. 6702 

632. 64 

.  8259 

1. 2108 

1 .  5333 

1 . 6776 

632. 44 

12600 

.  6000 

.  3246 

1. 2127 

1. 5387 

1. 6S46 

632. 17 

.6778 

.  8233 

1. 2146 

1.  5442 

1. 6920 

631.91 

12800 

.6756 

.  8220 

1. 2165 

1. 5498 

1.6994 

631.  71 

12900 

.6735 

.  8207 

1. 2185 

1. 5553 

1. 7063 

631. 45 

13000 

.6713 

.8194 

1. 2204 

1. 5610 

1.7142 

631. 25 

13100 

.6691 

.  8180 

1 . 2225 

1 .  5666 

1. 7217 

630. 98 

13200 

.  8167 

1 . 2244 

1. 5722 

1. 7292 

630. 72 

13300 

.6648 

.  8154 

1. 2264 

1. 5779 

1. 7368 

630. 52 

.6627 

.  8141 

1.2284 

1. 5835 

1. 7442 

630.  26 

13500 

.6606 

.  8128 

1.2303 

1. 5894 

1. 7521 

630. 06 

13600 

.6584 

.  8115 

1.2323 

1. 5950 

1. 7596 

629. 79 

13700 

.6563 

.  8102 

1 . 2343 

1. 6008 

1. 7674 

629.  53 

13800 

.6542 

.  8089 

1.2362 

1. 6066 

1. 7750 

629. 33 

13900 

.6521 

.  8076 

1 . 2382 

1. 6124 

1. 7828 

629.07 

14000 

.6500 

.  8062 

1 . 2404 

1. 6184 

1.7908 

628.87 

14100 

.6479 

.  8049 

1 . 2424 

1. 6241 

1.7985 

628. 60 

14200 

.  6458 

.  8036 

1.2444 

1. 6300 

1. 8064 

628. 34 

14300 

.  6437 

.  8023 

1. 2464 

1. 6360 

1.8144 

628. 14 

14400 

.  6416 

.  8010 

1 . 2484 

1. 6419 

1. 8224 

627. 88 

14500 

.  6395 

.  7997 

1.2505 

l."6478 

1.8304 

627. 61 

14600 

.  6375 

,  7984 

1.2525 

1.  6539 

1. 8386 

627.  41 

14700 

.  6354 

.  7971 

1.2545 

1. 6598 

1.8464 

627.  15 

14800 

.  7958 

1. 2566 

1. 6660 

1. 8548 

626.  95 

14900 

.  6313 

.  7945 

1 . 2587 

1. 6720 

1. 8629 

626. 69 
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TABLE  9.3 


Hc 

(Feet) 

Pa 

C'Hg) 

P-a/PaSL 

Ta 

(*K) 

rra 

9 

Ta/TaGL 

(T 

15000 

15100 

16.885 

16.817 

.5643 
.  5620 

1. 7719 

1 . 7791 

258. 45 
258.25 

16.  076 
16.070 

.8969 

.8962 

.9470 

.9467 

1  5200 

16.750 

.  5598 

1.7863 

258.05 

16.064 

.  8955 

.9463 

15300 

16. 682 

.  5575 

1. 7935 

257.85 

16.058 

.8948 

.9459 

16.615 

.  5553 

1. 8008 

257. 64 

16.  051 

.  8941 

.9456 

15500  16.548  .5530  1.8081  257. 44  167045  78934  .9452 
15600  16.481  .5508  1.8154  257.24  16.039  .8927  .9449 
15700  16.414  .5486  1.8228  257.07  16.033  .8921  .9445 
1 5800  16.348  75453  1 78  3  0  2  256.87  16.027  .8914  .9441 
15900  16.282  .5441  1.8376  256.66  16.021  .8907  .9438 


16000 

16100 


16200 

16300 


16.216 

lkJ5Q 


16.085 

16.019 


5419 

5397 


1.8451 

1.8526 


256.  46 
256. 26 


5375 

5354 


1. 8601 
1.8677 


256.06 

255.86 


16.014 
16. 008 


16. 002 
15.996 


8900 

..Ji89L 


.8886 

8879 


.9434 

^5430 

.9427 

.9423 


16500 

15.889 

.  5310 

1.8830 

255.48 

*  ^  / 

15.984 

.8866 

.9416 

16600 

15.325 

.  5288 

1.8907 

255.28 

15.978 

.  8859 

.9412 

16700 

15.760 

.5267 

1.8984 

255.08 

15.971 

.8852 

.9408 

16800 

15.696 

.  5245 

1.9062 

254.88 

15.965 

.8845 

.9405 

16900 

15.632 

.  5224 

1.9140 

254. 68 

15.959 

.8838 

.9401 

17000 

15.568 

.  5203 

1.9218 

254.47 

15.952 

.8831 

.9397 

17100 

15.505 

.5182 

1.9297 

254.  27 

15.946 

.8824 

.9394 

17200 

15.441 

1.9376 

254.07 

15.940 

.8817 

.9390 

17300 

15.378 

.  5139 

1.9456 

253. 90 

15.934 

.8811 

.9386 

17400 

15.315 

.  5118 

1.9536 

253. 70 

15.  928 

.8804 

.9  383 

17500 

15.  252 

.  5097 

1.9617 

253.49 

15.922 

.8797 

.9379 

17600 

15.190 

.  5076 

1.9697 

253. 29 

15.915 

.8790 

.9375 

17700 

15. 127 

.  5055 

1.9778 

253.09 

15.909 

.8783 

.9372 

17800 

15.065 

.  5035 

1.9860 

252.89 

15.902 

.8776 

.9368 

17900 

15.003 

.  5014 

1.9942 

252.  69 

15.  896 

.8769 

.9364 

18000 

14.942 

.  4993 

2. 0024 

252, 49 

15.890 

.8762 

.9361 

18100 

14.880 

.  4973 

2.0107 

252. 31 

15.884 

.  8756 

.9357 

18200 

14.819 

.4952 

2.0191 

252. 11 

15.878 

.8749 

.9353 

18300 

14.758 

.  4932 

2.0274 

251. 91 

15.  872 

.8742 

18400 

...14^697 

.  4912 

2. 0358 

251. 71 

15.  865 

.  8735 

.  9346 

18500 

14.636 

.4891 

2.  0442 

251. 51 

15.859 

.  8728 

.9342 

18600 

14. 576 

.  4871 

2.0527 

251.30 

15.853 

.8721 

.9339 

14.  515 

.  4851 

2.0613 

251.  10 

15.  846 

.  8714 

.9335 

18800 

14.455 

.4831 

2.0698 

250.90 

15.840 

.8707 

.9331 

18900 

14.395 

.4811 

2.0784 

250. 73 

15.834 

.8701 

.9328 
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HC 

(Feet) 

<T 

P/PSL 

fir 

ii  rr 

fe/£ 

vifr 

a 

(Knots) 

15000 

15100 

.6292 
.  6271 

.7932 

.7920 

1. 2607 

1. 2626 

1. 6781 

1.  6843 

1.8712 

1.8794 

626.  42 
626.  22 

mm&nm 

.7907 

1. 2647 

1. 6904 

1.8877 

625.96 

.  7894 

1. 2663 

1. 6965 

1 . 3960 

625.  69 

.  7881 

1. 2689 

1. 7029 

1 . 9047 

625. 50 

15500 

.  7868 

1 . 2710 

1. 7090 

1 . 9129 

625.  23 

15600 

4  BE* 

.  7855 

1. 2731 

1. 7154 

1.9216 

625.03 

15700 

.6149 

.  7842 

1. 2752 

1. 7217 

1.9301 

624. 77 

15800 

.  6129 

.  7829 

1. 2773 

1. 7279 

1.9386 

624. 50 

15900 

.  6109 

.  7816 

1. 2794 

1. 7344 

1. 9473 

624. 30 

16000 

.  6089 

.  7804 

1.2814 

1. 7407 

1.9559 

624.04 

16100 

.  6069 

.  7791 

1. 2835 

1. 7470 

1.9645 

623. 78 

16200 

.  6049 

.  7778 

1. 2857 

1. 7536 

1.9735 

623. 58 

16300 

.  7765 

1. 2878 

1. 7600 

1.9822 

623.30 

16400 

.  6009 

.  7752 

1. 2900 

1.7664 

1.9909 

623. 04 

16500 

.  5990 

1. 2920 

1. 7731 

2. 0001 

622.84 

16600 

.  5970 

.  7727 

1. 2942 

1. 7796 

2.0090 

622.  58 

16700 

.  5950 

.  7714 

1. 2963 

1.7861 

2.0173 

622.31 

16800 

.  5931 

.7701 

1. 2985 

1.7928 

2.0270 

622.11 

16900 

.5911 

.  7689 

1.3006 

1.7994 

2.0361 

621.85 

17000 

.  5891 

.  7676 

1.3028 

1. 8060 

2.0451 

621. 58 

-17100 

_ .5872 _ 

_ .7663 _ 

IHv»TiM<Ki 

■RJuS 

17200 

1. 3070 

1. 8195 

2. 0636 

621.12 

17300 

1. 3092 

1.8262 

2.0728 

620.86 

17400 

■KZ$9i 

1.3115 

1. 8331 

2.  0823 

620. 66 

17500 

■K73  S 

1. 8399 

2. 0916 

17600 

1.8467 

2. 1010 

17700 

SlaHMcH 

1.8537 

2.1106 

619. 93 

17800 

.5737 

.  7575 

1. 3201 

2.  1201 

619. 67 

17900 

.  5718 

.  7562 

1.3224 

1. 8674 

2.  1295 

619. 40 

18000 

.5699 

.  7549 

1. 3247 

1.8745 

2.  1393 

619. 21 

18100 

.7537 

1. 3268 

1. 8815 

618.95 

18200 

.  7524 

1. 3291 

1.8885 

2.1587 

618. 68 

18300 

.  7511 

1. 3314 

1.8957 

2. 1686 

618.49 

1.3335 

1.9027 

2. 1783 

618. 22 

.  7486 

1. 3358 

1 . 9098 

2. 1882 

617.96 

18600 

.5585 

.  7474 

1. 3380 

1.9171 

2.  1983 

617. 76 

18700 

.5567 

.7461 

1. 3403 

1.9242 

2. 2081 

617. 49 

18800 

.  5548 

.7449 

1. 3425 

1.9314 

2. 2182 

617.  23 

18900 

.  5529 

.  7436 

1. 3448 

1.9388 

2. 2284 

617.03 
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TABLE  9.3 


► 


Hc 

(Feet) 

Pa 

("KgL 

b 

Pa/Pa3L 

rrs 

1  a 
(°K) 

0 

T.a/T  aSL 

/*" 

19000 

19100 

14. 336 

14. 276 

.4791 

.4771 

2.0871 

2. 0958 

250. 53 
250. 32 

15.  828 
15.822 

.  8694 
.  8687 

.9324 

.9320 

19200 

14. 217 

,4751 

2.  1045 

250.12 

15. 815 

.9317 

19300 

14. 158 

.  4731 

2.  1133 

249.  92 

15. 809 

.  8673 

.  9313 

19400 

14.099 

.  4712 

2.  1221 

249. 72 

15.803 

.  8666 

.9309 

19500 

14. 040 

.4692 

2.1310 

249. 52 

15.796 

.8659 

.9306 

19600 

13.982 

.  4673 

2.  1399 

249.  32 

15.790 

.  8652 

.9302 

19700 

13.923 

.  4653 

2.  1489 

249.14 

15. 784 

.  8646 

.9298 

19800 

13.865 

.  4634 

2.  1579 

248.  94 

15.  778 

.  8639 

.9294 

19900 

13.807 

.  4614 

2.  1669 

248. 74 

15.771 

.  8632 

.9291 

20000 

13.750 

.  4595 

2. 1760 

248. 54 

15. 765 

.  8625 

.9287 

20100 

13.692 

.  4576 

2.  1852 

248.34 

15.759 

.  8618 

.9283 

20200 

13.635 

.  4557 

2.  1944" 

248.13 

15. 752 

.  8611 

20300 

13. 578 

.  4537 

2. 2036 

247.93 

15. 746 

.9276 

20400 

13. 521 

.  4518 

2. 2129 

247. 73 

15.739 

.  8597 

.9272 

205CO 

13.464 

.  4500 

2.2222 

247. 56 

15.734 

.8591 

.9269 

206GO 

13. 4C7 

.  4481 

2.2315 

247.  36 

15.728 

.  8584 

.9265 

20700 

13. 351 

.  4462 

2. 2410 

247.  15 

15. 721 

.  8577 

.9261 

20800 

13.295 

.  4443 

2.2504 

246.95 

20900 

13.239 

.  4424 

2.2600 

246. 75 

im 

21000 

13.183 

2. 2695 

246. 55 

mSa 

21  ICO 

13.128 

.4387 

2.2792 

246.35 

15. 695 

wmM' 

21200 

13.072 

.  4369 

2. 2888 

246.  15 

15. 689 

.  8542 

.9243 

21300 

13.C17 

.  4350 

2. 2985 

245.  97 

15.684 

.  8536 

.9239 

21400 

12.962 

.  4332 

2.3082 

245. 77 

15.  677 

.  8529 

.9235 

12. 9C7 

.4313 

2. 3180 

245. 57 

15. 671 

♦  w*  I  ~ 

.9231 

21600 

12.052 

.429  5 

2. 3279 

245, 37 

15.  664 

.8515 

.9228 

21700 

12.798 

.4277 

2.  3378 

245.  17 

15.  658 

.  8508 

.9224 

21800 

12.744- 

.4255 

2. 3478 

244.96 

15.  651 

.  8501 

.9220 

21900 

12.690 

.4241 

2. 3578 

244, 76 

15.  645 

.  8494 

.9216 

22000 

12.636 

.4223 

2. 3678 

244. 56 

15.  638 

.8487 

.9213 

221  CO 

12.582 

.  4205 

2.  378 

244. 39 

15.  633 

.8481 

.9209 

2220C 

12.529 

.4187 

2.  388 

244.19 

15. 626 

.8474 

.9205 

22300 

12.475 

.4169 

2.  398 

243.99 

15.620 

.8467 

.9202 

22400 

12. 422 

.4151 

2.  408 

243. 78 

15.614 

.8460 

.9198 

22500 

12.369 

.4134 

2.  418 

243. 58 

15.  607 

.8453 

.9194 

22600 

12.316 

.  4116 

2. 429 

243. 38 

15. 601 

.  0446 

.9190 

22700 

12.264 

2.  439 

243. 18 

15.  594 

.8439 

.9187 

22800 

12.211 

.  4081 

2. 450 

242. 98 

15.  580 

.9183 

22900 

12.159 

.  4063 

2.  460 

242. 80 

15.  582 

.8426 

.9179 

TABLE  9.2 
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Hc 

(Feet) 

<r 

p/pSL 

/r 

1/  fcT 

/e7/ 

i///e 

a 

(Knots) 

19000 

19100 

,  5511 
.  5492 

.  7424 
.  7411 

1 . 3470 
1.3493 

1.9460 

1.9533 

2. 2385 

2. 2486 

616.  77 
616. 50 

19200 

.  5474 

.  7399 

1.3515 

1.9608 

2.  259 

616. 30 

19300 

.  5455 

.  7386 

1.3539 

1.9682 

2.  269 

616. 04 

19400 

,  5437 

.  7374 

1.3561 

1.9756 

2.  279 

615.  77 

19500 

.  5419 

.  7361 

1.3585 

1.9832 

2.  290 

615.  58 

19600 

.  5400 

.  7349 

1 . 3607 

1. 9906 

2.  300 

615. 31 

19700 

.  5382 

.  7337 

1. 3630 

1. 9901 

2.  311 

615.  05 

19800 

.  5364 

1 . 3654 

2.  Q05&~ 

2.  321 

614. 73 

19900 

.  5346 

.  7312 

1. 3676 

2.0133 

2.  332 

614.  53 

.  5328 

.  7299 

1 . 3701 

2. 0209 

2.  343 

614.  32 

20100 

.  5310 

.  7287 

1,3723 

2.  0285 

2.  353 

614.  05 

F  TM'JHI 

.  5292 

.7275 

1.3746 

2.  0364 

2.364 

613. 86 

.  5274 

.  7262 

1 . 3770 

2.0441 

2.  375 

613. 59 

20400 

.  5256 

.  7250 

1.3793 

2. 0518 

2.  386 

613. 33 

.  5238 

.  7238 

1.3816 

2.  0598 

2.  397 

613.  13 

.  5220 

.  7225 

1. 3841 

2.0676 

2.408 

612.  86 

R!  r  wHi 

.  5202 

.  7213 

1. 3864 

2.0754 

2.419 

612.  60 

20800 

.  5185 

1.3887 

2.0833 

2.431 

20900 

.5167 

.7188 

1.3912 

2.0914 

2.  442 

612.  14 

21000 

.  5149 

.  7176 

1.3935 

2.0994 

2.  453 

611.87 

21100 

.  5132 

.  7164 

1,  3959 

2. 1074 

2.  465 

611. 61 

21200 

.  5114 

.  7152 

1.3982 

2.1156 

2.  476 

611. 41 

21300 

.  5097 

.  7139 

1. 4008 

2. 1236 

2.  488 

611. 15 

21400 

.  5079 

.  7127 

1.4031 

2.  1317 

2.  499 

610.88 

21500 

.  5062 

.  7115 

1. 4055 

2. 1398 

2.  511 

610. 62 

21600 

.  5044 

.  7103 

1.4079 

2. 1482 

2.  522 

610. 42 

21700 

.  5027 

.  7090 

1. 4104 

2.1565 

2.  534 

610.  15 

.  5010 

.  7078 

1.4128 

2. 1647 

2.  546 

609.89 

.  4993 

.  7066 

1. 4152 

2. 1730 

2.  558 

609. 62 

.  4975 

70  54 

1.4176 

2.  1815 

2.  570 

609. 43 

22100 

.  4958 

.  7042 

1. 4201 

2.  1099 

2.  582 

609.16 

22200 

1 . 4225 

2.  1903 

608.90 

22300 

1 . 4251 

2. 2070 

608. 70 

22400 

■Hi 

1 . 4276 

2.  21 55 

608.  43 

22500 

.  4890 

.  6993 

1  4300 

2. 224C 

2.  631 

608. 17 

22600 

.  4873 

.  6981 

1 . 4325 

2,  2325 

2.  643 

607.  90 

22700 

.  4856 

.6969 

1 . 4349 

2.2414 

2.  656 

607. 71 

22000 

.  4840 

.6957 

1.4374 

2. 2500 

2.  668 

607. 43 

22900 

.4823 

.  6945 

1.4399 

2. 2587 

2.  680 

607.  17 
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TABLE  9.3 


1 


Hc 

(Feet) 

Pa 

("Hr) 

i 

P*/PaSL 

1// 

Ta 

(#K) 

yra 

6 

Ta/TaSL 

fe 

23000 

23100 

12. 107 
12.055 

.4046 

.4029 

2.471 

2.481 

242.  60 
242.40 

15.  576 
15.569 

.8419 

.8412 

.9175 

.9172 

23200 

12.003 

.4011 

2.492 

242.  20 

15. 563 

.  8405 

.9168 

23300 

11.952 

.  3994 

2.503 

242.00 

15. 556 

.8398 

.9164 

■IIKiifH 

.  3977 

2.514 

241.80 

15. 550 

.9160 

23500 

11.849 

.3960 

2.525 

241.59 

15.543 

.8384 

.9157 

11.798 

.3943 

2.  535 

241.  3$ 

15.537 

.  8377 

.9153 

111 

11.748 

.3926 

2.  546 

241.22 

15.531 

.  8371 

.9149 

23800 

11.697 

.3909 

2.  557 

241.02 

15.525 

.  8364 

.9145 

23900 

11.646 

.3892 

2.569 

240.82 

15.  518 

.8357 

.9142 

24000 

11.596 

.3875 

2.580 

240.61 

15.  512 

.8350 

.9138 

24100 

11.546 

.3859 

2.591 

240.41 

15.  505 

.8343 

.9134 

24200 

11.496 

.3842 

240.21 

15.499 

.8336 

24300 

11.446 

.3825 

2.613 

240.01 

15.492 

.8329 

.9126 

24400 

11.397 

.  3809 

2.625 

239.81 

15.486 

.8322 

.9123 

24500 

1 1 . 347 

.3792 

2.636 

239.63 

15.480 

.8316 

.9119 

24600 

11.298 

.3776 

2.648 

239.43 

15.474 

.8309 

.9115 

24700 

11.249 _ 

. 3759  _ 

2.659 

239.23 

15.467 

.8302 

.9111 

24800 

.3743 

2.671 

239.03 

“15.461“' 

.8295 

.9108 

24900 

11.152 

.  3727 

2.683 

238.83 

15.454 

.8288 

.9104 

25000 

2.694 

238.63 

15.448 

.8281 

.9100 

25100 

...  3694 

238.42 

15.441 

.8274 

.9096 

25200 

11.006 

.3678 

2.718 

238. 22 

15.434 

.8267 

.9093 

25300 

10.958 

.3662 

238.05 

15.429 

.8261 

.9089 

25400 

10.911 

.  3646 

2.  742 

237.85 

15.422 

.8254 

.9085 

25500 

10.863 

2.754 

237.65 

15.416 

.8247 

.9081 

25600 

10.815 

.3614 

2.766 

237.44 

15.409 

.9077 

25700 

10.768 

.3598 

2.778 

237. 24 

15.403 

.8233 

.9074 

25800 

10.721 

.3583 

237.04 

15.396 

.8226 

.9070 

25900 

10.674 

.3567 

2.803 

236.84 

15.390 

.8219 

.9066 

26000 

10.627 

.3551 

2.815 

236. 64 

15.383 

.8212 

.9062 

26100 

10.580 

.  3536 

2.827 

236.46 

15.377 

SH^IV 

■  Hi  * 

10. 534 

.3520 

236.26 

15.371 

.8199 

.9055 

*  2  yl 

10.487 

.3505 

2.852 

236.06 

15.364 

.8192 

'*!  <■ 

10.441 

.3489 

2.865 

235.86 

15.358 

.8185 

.9047 

26500 

10.395 

235.  66 

15.  351 

.8178 

.9043 

26600 

10. 349 

235.  46 

15.345 

.  8171 

.9039 

26700 

10. 304 

hRRH 

235.  25 

15. 338 

.8164 

.9036 

26800 

10.258 

.3428 

2.916 

235.05 

15.  331 

.8157 

.9032 

26900 

10.213 

.  3413 

2.929 

234.88 

15.326 

.  8151 

.9028 

278 


Hc 

(Feet) 

a 

P/PSL 

1/  f<r~ 

fB/S 

1///6 

a 

(Knots) 

23000 

23100 

.4806 

_ .4789 _ 

.6933 
.  6921 

2.2674 

2. 2764 

2.693 

2.  706 

606.  90 
606.  70 

USSM 

.6909 

1 . 4474 

2.  2853 

2.719 

606.44 

BBSS: 

.  6897 

1 . 4499 

2. 2941 

2.731 

606.  18 

23400 

.4740 

.6885 

1.4524 

2. 3030 

2.  744 

605.91 

23500 

.4723 

.6873 

1.4550 

2.  3122 

2.  737 

6057  71 

23600 

.4707 

.6861 

1.4575 

2.  3212 

.4690 

.6849 

mwmm 

2. 3302 

2.783 

.4674 

.6837 

1.4626 

2. 3392 

2.  797 

604.92 

23900 

.4657 

.6825 

1.4652 

2. 3486 

604.  72 

24000 

.4641 

.  6813 

1.4678 

2. 3578 

2.823 

604.46 

24100 

.  4625 

.  6801 

1. 4704 

2. 3669 

2.837 

604. 19 

24200 

.4609 

.  6789 

1.4730 

2. 3762 

2.850 

603.93 

24300 

.  4593 

.  6777 

1.4756 

2. 3854 

2.864 

603. 66 

24400 

.4577 

.  6765 

1. 4782 

2.3951 

2.877 

603. 46 

24500 

.4560 

.  6753 

1 . 4808 

2.  404 

2.891 

603. 20 

24600 

.  4544 

.  6742 

1.4832 

2.  413 

2.905 

602.93 

24700 

.4528 

.6730 

1.4859 

2.42? 

2-919  _ 

602. 67 

24800 

.4512 

.6718 

1.4885 

2.43  3 

2.933 

602. 47 

24900 

.4497 

.6706 

1.4912 

2.  442 

2.947 

602. 21 

.4481 

.  6694 

1.4939 

2.452 

2.961 

601.94 

25100 

.4465 

.6682 

1.4966 

2.461 

2.975 

601.68 

25200 

.4449 

1 . 4990 

2.471 

2.990 

”  '601.48 

25300 

.  4433 

2.481 

601.22 

25400 

.4418 

1. 5044 

2.491 

3.018 

600.95 

25500 

.4402 

.6635 

1. 5072 

2.  501 

3.033 

600. 69 

25600 

.4387 

.  6623 

1. 5099 

2.  511 

3.047 

600.42 

FCwi™P 

.4371 

.6612 

■min 

2.521 

25800 

.4355 

.  6600 

1. 5152 

2.  531 

3. 077 

599. 96 

25900 

.  4340 

.  6588 

1. 5179 

2.  541 

3.092 

599. 69 

26000 

.4324 

.  6576 

1 . 5207 

2.  551 

3.  106 

599. 43 

26100 

.4309 

.  6565 

1. 5232 

2.  561 

3.  121 

599.  17 

26200 

.4294 

.  6553 

1. 5260 

2.  572 

3.  137 

598. 97 

.4278 

.  6541 

1. 5288 

2.  582 

3.  152 

598. 70 

.4263 

.  6530 

1. 5314 

2.592 

3.  167 

598. 44 

.4248 

.  6518 

1. 5342 

2.  602 

3.  182 

598.  17 

.4233 

1. 5370 

2.  613 

3.  198 

597. 91 

26700 

.4218 

.  6495 

1. 5396 

2.  623 

3,  214 

597. 71 

26800 

.4203 

.  6483 

1. 5425 

2.  634 

3.  229 

597. 45 

26900 

.4188 

.  6472 

1,5451 

2.644 

3.  245 

597.  18 
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TABLE  9.3 


Hc 

(Feet) 

Pa 

("Hr) 

£ 

Pa  /PaSL 

1  u 

Ta 
(  °  K) 

rr* 

8 

Ta/^aSL 

27000 

27100 

10.166 

10.123 

.3398 

_33£3 

2.942 

2.955 

234. 68 
234.48 

15.319 
15. 313 

.  8144 
.8137 

E9 

27200 

10.078 

.3368 

2.968 

234. 27 

15. 306 

.8130 

27300 

10.033 

.  3353 

2.982 

234.07 

15.299 

.8123 

.9013 

27400 

9.988 

.  3338 

2.995 

233.87 

15.293 

.8116 

.9009 

27500 

9.944 

.  3323 

3.008 

233.67 

15. 286 

.  8109 

.9005 

27600 

9.900 

.  3308 

3.022 

233. 47 

15. 280 

.  8102 

.9001 

27700 

9.856 

.  3294 

3.035 

233. 29 

15.274 

.  8096 

.8998 

27800 

9.812 

.  3279 

3.049 

233.09 

15.  267 

.8089 

.8994 

27900 

9.768 

.  3264 

3.063 

232.89 

15. 261 . 

.8082 

.8990 

28000 

9.724 

3.076 

232.69 

15. 254 

.  8075 

.8986 

28100 

9.681 

.3235 

3.  090 

232.49 

15. 248 

.  8068 

.8982 

9.638 

.  3221 

3.  104 

232.29 

15. 241 

78061 

.8978 

InS 

9.595 

.3206 

3.  118 

232.08 

15.  234 

.8054 

.8975 

28400 

9.552 

.3192 

3.  132 

231.88 

15.228 

_ .8047 _ 

28500 

9.509 

.3178 

3.146 

231.71 

15. 222 

.8967 

28600 

9 . 466 

.3163 

3.160 

231. 51 

15. 215 

.8963 

9.424 

.3149 

3.  175 

231.31 

15. 209 

.8959 

28800 

9.  381 

.3135 

3.  189 

231 k 10 

15. 202 

.  8020 

.8955 

28900 

9.339 

.3121 

3.203 

230.90 

15.  195 

.8013 

.8952 

29000 

9.297 

.3107 

3.218 

230.70 

15.  189 

.8006 

.8948 

29100 

9.255 

.  3093 

3.232 

230. 50 

15.  102 

.  7999 

.  8944 

29200 

9.213 

.  3079 

3.  247 

230. 30 

15.  176 

.  7992 

.  8940 

29300 

9.  172 

.  3065 

3.  262 

230.12 

15.  170 

.  7986 

.8936 

29400 

9.  130 

.3051 

3.  276 

229.9 2 

15. 163 

.  7979 

.8932 

29500 

9.089 

.  3037 

3.291 

229. 72 

15.  157 

.  7972 

29600 

.  3024 

3.306 

229. 52 

15.  150 

.  7965 

.8925 

29700 

glMBrorl 

3.321 

229. 32 

15.  143 

.  7958 

.8921 

29800 

8.966 

.2996 

3.337 

229. 12 

15. 137 

.  7951 

.8917 

29900 

8.925 

.2983 

3.352 

228.91 

15.  130 

.  7944 

.8913 

30000 

8.885 

.  2969 

3.367 

228. 71 

15.  123 

.  7937 

.  8909 

30100 

8.845 

.  2956 

3.382 

228. 54 

15.  118 

.  7931 

.  0905 

■EK221 

.  2942 

3.398 

228. 34 

15.  Ill 

.  7924 

.8901 

8.  764 

.  2929 

3. 413 

228. 14 

15.  104 

.  7917 

.8898 

8.  724 

.  2915 

3.  429 

227. 93 

15.098 

.  7910 

.8894 

Bl 

8.685 

.  2902 

3.445 

227. 73 

15. 091 

.7903 

.8890 

'■  ■STji 

.  2889 

3.460 

227. 53 

15.  084 

.  7896 

.  8886 

.  2876 

3.476 

227.33 

15.  077 

.  7809 

.8802 

30800 

8.  566 

.  2863 

3.  492 

227. 13 

15.  071 

.  7082 

.8870 

30900 

8.  527 

.  2849 

3.  508 

22  6.95 

15.  065 

.  7876 

.  8074 
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Hc 

(F  eet) 

a 

P/PSL 

.4173 
.  4157 

F 

1/  IT 

f©// 

\/Iiw 

a 

(Knots) 

27000 

2_7U3Q_ 

.  6460 
.  6448 

1. 5480 

1. 5509 

2.655 

2.666 

3.  260 
3.276 

596.92 
596.  65 

27200 

.  4143 

.  6437 

1. 5535 

2.  L77 

3. 292 

596.45 

27300 

.4128 

.  6425 

1. 5564 

2.  637 

3.308 

596. 19 

27400 

.6413 

1. 5593 

2.  698 

■  » 1T»  ' 

27500 

.4098 

.  6402 

1 . 5620 

2.  709 

3.341 

595.  66 

27600 

.  4083 

.  6390 

1 . 5649 

2.  720 

3.357 

595.40 

27700 

.  4068 

.  6379 

1 . 5676 

2.  731 

3.  374 

595. 20 

27800 

.  4054 

.  6367 

1 . 5706 

2.742 

3.390 

594.93 

27900 

.  4039 

.6356 

1 . 5733 

2.  753 

3.407 

594. 67 

28000 

.  4025 

.  6344 

1 . 5763 

2.  764 

3.423 

594. 40 

28100 

.  4010 

.6333 

1. 5790 

2. 776 

3.440 

594.  14 

28200 

.  3996 

.  6321 

1 . 5820 

2.  787 

3.457 

593.88 

28300 

.  3981 

1.5848 

2.798 

3.474 

593. 68 

28400 

.  3967 

.  6298 

1 . 5878 

2.810 

3.491 

593.41 

28500 

.  3952 

.  6287 

1 . 5906 

mxtokmm 

593.  15 

28600 

.  3938 

.  6276 

1 . 5934 

592. 88 

28700 

.  3923 

.  6264 

1. 5964 

592. 62 

28800 

.  3909 

.  6253 

1. 5992 

2.856 

3.561 

592.35 

28900 

.  3895 

.6241 

1. 6023 

2.  867 

3.579 

592.  16 

29000 

.  3881 

.  6230 

1 . 6051 

2.879 

3.596 

591.89 

29100 

.  3867 

.  6219 

1 . 6080 

2.891 

3. 614 

591. 62 

29200 

.  3853 

.  6207 

1.6111 

2.903 

3.632 

591. 35 

29300 

.  3838 

.  6196 

1.6139 

2.915 

3.650 

591. 09 

29400 

.  3824 

.  6184 

1 . 6171 

2.927 

3.668 

590.82 

29500 

1 . 6200 

2.939 

3.686 

590. 56 

2Q600 

1 . 6228 

2.951 

3.705 

590. 36 

29700 

V-1, 

1.6260 

2,963 

3.723 

590.  10 

29800 

.  6139 

1 . 6289 

2.975 

589.83 

29900 

.  3755 

.  6128 

1.6319 

2.987 

3.761 

589. 57 

30000 

.  3741 

.  6117 

1. 6348 

3.000 

3.779 

589. 30 

30100 

.  3727 

.  6105 

1.6380 

3.012 

3.798 

589.05 

30200 

.  3713 

.  6094 

1 . 6410 

3.024 

3.817 

588, 78 

WAjiMUH 

.  3700 

.  6083 

1 . 6439 

3.037 

3.837 

588. 58 

PitriTipB 

.  3686 

.  6072 

1.6469 

3.050 

3.856 

588.32 

30500 

.  3672 

1 . 6502 

3.062 

3,875 

588. 06 

30600 

.  3659 

.  6049 

1 . 6532 

3.894 

587. 79 

30700 

.  3645 

.  6038 

1.6562 

3.088 

3.914 

587. 53 

30800 

.  3632 

.  6027 

1. 6592 

3.  100 

3.934 

587, 26 

30900 

.  3618 

.  6016 

1.6622 

3,113 

3.  953 

587. 00 

281 


TABLE  9.3 


Hc 

Pa 

i 

1/i 

Ta 

ffl 

e 

rr 

(Feet) 

("HgL 

Pa/PaSL 

(•K) 

Ta/TaSL 

31000 

8.488 

.2836 

3.524 

226. 75 

15.058 

.7869 

.8871 

8.449 

226.55 

15.052 

.7862 

m 

31200 

8.410 

.2810 

3.  557 

226.35 

15.045 

.  7855 

.8863 

31300 

8.371 

.2798 

3.  573 

226. 15 

15.038 

.  7848 

.8859 

31400 

8.333 

.2785 

3.  590 

225.95 

15.032 

.  7841 

.8855 

8.295 

.2772 

3.607 

225. 74 

.  7834 

.8851 

tmm 

8.256 

.2759 

3.623 

225. 54 

.  7827 

.8847 

8.218 

.2746 

3.640 

225.37 

15.012 

.  7821 

.8843 

31800 

8. 181 

.2734 

225. 17 

msmm 

mmmu 

.8839 

31900 

8. 143 

.2721 

224.97 

14.999 

Em 

.8836 

32000 

8.  105 

.2709 

Uyj*t 

224.76 

14.992 

.8832 

32100 

8.068 

.2696 

BICTaSi 

224.56 

14.985 

.8828 

.2684 

3.  725 

224. 36 

14.979 

.7786 

.8824 

7.993 

.2671 

3.743 

224.16 

14.972 

.  7779 

.8820 

IrTiilSH 

7.956 

_ .2659 _ 

3. 760 

223.96 

14.965 

.7772 

.8816 

32500 

*X-  a 

KVZ73B| 

14.959 

.7766 

.8812 

32600 

14.953 

.  7759 

.8808 

mnm 

14.946 

.7752 

liliLI 

32800 

7.809 

.2610 

3.831 

223. 18 

14.939 

.7745 

f:Ml 

32900 

7.773 

.2597 

3.849 

222.98 

14.932 

.7738 

.8797 

33000 

7.737 

.2585 

3.867 

222.78 

14.926 

.7731 

.8793 

7.700 

.2573 

3.885 

222. 57 

14,919 

.7724 

.8789 

33200 

7.665 

.2561 

222.37 

14.912 

■non 

.8785 

33300 

7.629 

.2549 

3.922 

222.20 

14.906 

.8781 

33400 

.2537 

3.940 

222.00 

14.900 

IWMi/TH 

.8777 

7.  557 

.2525 

3.958 

14.893 

.7697 

.8773 

7.  522 

.2514 

3.977 

14.886 

.'690 

.8769 

7.487 

.2502 

3^996 

221.39 

14.879 

.  7683 

.8765 

33800 

7.452 

221. 19 

14.873 

.7676 

.8761 

33900 

7.417 

.2478 

4.034 

220.99 

14.866 

.7669 

.8757 

34000 

7.382 

.2467 

4.053 

220.79 

14.859 

.7662 

.8754 

34100 

7.347 

.2455 

4.072 

220.62 

14.853 

.7656 

.8750 

34200 

7.312 

.2444 

220. 41 

14.846 

.7649 

.8746 

34300 

7.278 

.  2432 

4.110 

220. 21 

14.  840 

.7642 

.8742 

34400 

7.244 

.  2421 

4.  130 

220.01 

14.833 

.7635 

.8738 

.2409 

4.  150 

219.81 

14.826 

.7628 

.8734 

7.175 

.  2398 

4.  169 

219. 61 

14.819 

.  7621 

.8730 

7.141 

.  2386 

4.  189 

219.41 

14.812 

.  7614 

.8726 

34800 

7.107 

.2375 

4.209 

219.20 

14.806 

mum i 

34900 

7.074 

.2364 

4.229 

219.03 

14.800 

.7601 

.8718 
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} 


Hc 

(Feet) 

tr 

P/PSL 

rr 

UfT 

i/ife 

a 

(Knots) 

31000 

31100 

.3605 
.  3592 

.  6004 
.  5993 

1.6656 

1.6686 

3.127 

3.140 

3.974 

3.994 

586.80 

586.53 

31200 

.3578 

.  5982 

1.6717 

3. 153 

4.014 

586.27 

31300 

.3565 

.  5971 

1. 6748 

3.  166 

4.034 

586.01 

31400 

.3551 

.  5960 

1.6779 

3.179 

4.  054 

585.  74 

31500 

.3538 

.  5949 

1.6810 

3. 192 

4.  075 

585.48 

31600 

.3525 

.  5938 

1.6841 

3.205 

4.  095 

585.21 

31700 

.3512 

.  5926 

1.6875 

3.  219 

4.  116 

584.  °5 

31800 

.3499 

.  5916 

1.6903 

3.232 

4.  137 

584. 6fT 

31900 

.3486 

.  5904 

1.6938 

3.246 

4.  158 

584.48 

32000 

.3473 

.  5893 

1.6969 

3.260 

4.  180 

584.22 

.3460 

.  5882 

1.7001 

3.  274 

4.  201 

583.96 

32200 

.3447 

.  5871 

1.7033 

3.  287 

4.  222 

583.69 

32300 

.3434 

.  5860 

1.7065 

3.301 

4.  244 

583.43 

32400 

.3421 

.  5849 

1.7097 

4.  265 

583. 16 

32500 

.3408 

.  5838 

1.7129 

3.329 

4.  287 

582.90 

32600 

.3395 

.  5827 

1.7161 

3.343 

4.  309 

582.63 

32700 

.3382 

.5816 

1.7194 

3.357 

4.  331 

582.37 

32800 

.3370 

1.7227 

3.371 

4.353 

582.  17 

.3357 

.  5794 

1.7259 

3.386 

4.  376 

581.91 

.3344 

.  5783 

1.7292 

3.400 

4.398 

581.64 

EnVIiHI 

.3332 

.  5772 

581.38 

332C'' 

.  3319 

.  5762 

1.7355 

3.429 

4.443 

581. 11 

3330u 

.3306 

.  5751 

1.7388 

3.443 

4.466 

580.85 

.3294 

.  5740 

1.7422 

3.458 

4.  489 

580. 58 

33500 

.  3281 

.  5729 

1.7455 

3.473 

4.  512 

580.32 

33600 

.  3269 

.5718 

1.7489 

3. 487 

4.  535 

580,05 

.3256 

.5707 

1.7522 

3.  502 

4.  559 

579.79 

33800 

.  3244 

.  5696 

1.7556 

3.  517 

4.  582 

579.52 

33900 

.3232 

.  5685 

3,  532 

4.  606 

579.26 

34000 

.3219 

.5674 

1.7624 

3.  548 

4.  630 

579.06 

34100 

.3207 

.  5664 

1.7655 

3.  563 

4.  654 

578.80 

34200 

.3195 

.5653 

1.7690 

3.  578 

578.53 

.  3183 

.  5642 

1.7724 

3.  593 

578.27 

34400 

.3171 

.  5631 

1.7759 

3.  609 

lllKivr  rS! 

578.00 

34500 

.3158 

.  5620 

1.7794 

3.624 

4.  751 

577.74 

34600 

.  3146 

.  5610 

1.7825 

3. 640 

4.  776 

577.47 

34700 

.  3134 

.5599 

1.7860 

3. 655 

4.  801 

577.21 

34800 

.3122 

.  5588 

1.7895 

3.671 

576.95 

34900 

.  3110 

.  5577 

1.7931 

3.  687 

4.851 

576.68 
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1// 


Hc  Pa  & 

i  IM  Pa/PaSL 


Ta  ffl  6  /T 

(*K)  _  Ta/TaSL  _ 


35000 

7.040 

.2353 

4.249 

218.83 

14.793 

.7594 

.8714 

35100 

7.007 

.2341 

4.  270 

218.63 

14.  786 

.7587 

.8710 

35200 

6.973 

.  2330 

4.  290 

218.43 

14.779 

.7580 

.8706 

35300 

6.940 

.  2319 

4.311 

218. 22 

14.772 

.7573 

.8702 

.2308 

4.  331 

218.02 

14.  766 

-  ■‘IfHitB! 

.8698 

35500 

6.874 

.  2297 

4.352 

217.82 

14.  759 

.7559 

.8694 

35600 

6.841 

.  2286 

4.  373 

217.62 

14.752 

.7552 

iml 

35*700 

6.809 

.  2275 

4.  394 

217.45 

14. 746 

.7546 

.8686 

KEEIiM 

6.  776 

.  2264 

4.415 

217.24 

14. 739 

.7539 

.8683 

6.  744 

.  2254 

4.436 

217.04 

14.732 

.  7532 

.8679 

6.  711 

.2243 

4.457 

216,  84 

14.726 

.7525 

.8675 

36100 

6.679 

.2232 

4.479 

216. 66 

14.719 

.7519  .... 

.8671 

36200 

6.647 

mESBM 

216.  66 

14.719 

.7519 

.8671 

36300 

6.615 

216. 66 

14. 719 

.7519 

.8671 

mi 

Sn»B 

.8671 

36500 

6.552 

.2189 

4.  566 

216.66 

14.719 

.7519 

.8671 

36600 

6.521 

.2179 

4.  588 

216. 66 

14,719 

.7519 

.8671 

FX-VlilW 

6.489 

.  2168 

216. 66 

14.719 

.7519 

.8671 

36800 

6.458 

.2158 

4.632 

216.  66 

14.719 

.7519 

.8^71' 

36900 

6.427 

.2148 

4.655 

216.66 

14.719 

.7519 

.8671 

37000 

6.396 

.  2137 

4.  677 

216.66 

14.719 

.7519 

.8671 

nmifl 

.2127 

mwnm 

216. 66 

14.719 

.7519 

.8671 

37200 

6.335 

.  2117 

4.  722 

216. 66 

14.  719 

.7519 

.8671 

.  2107 

4.  745 

216.  66 

14.719 

.7519 

.8671 

37400 

6.274 

.2097 

4.  768 

216. 66 

14.719 

.7519 

.8671 

37500 

6.244 

.2087 

4.  791 

216. 66 

14.719 

.7519 

.8671 

37600 

6.215 

.  2077 

4.  814 

216. 66 

14.719 

.7519 

.8671 

37700 

6.  185 

.  2067 

4.  837 

216. 66 

14.  719 

.7519 

.8671 

37800 

6.155 

.2057 

4.861 

216. 66 

14. 719 

.7519 

.8671 

37900 

6.  125 

.  2047 

4.  884 

216.  66 

14.  719 

.7519 

.8671 

38000 

6.096 

.  2037 

4.908 

216. 66 

14.719 

.  7519 

.8671 

38100 

6.067 

.  2027 

4.  931 

216. 66 

14.719 

.7519 

.8671 

38200 

6.038 

. 20180 

4.  955 

216. 66 

14.  719 

.7519 

.8671 

38300 

6.009 

. 20083 

4.979 

216. 66 

14. 719 

.7519 

.8671 

38400 

5.980 

. 19987 

5.003 

216. 66 

14.  719 

.  7519 

.8671 

38500 

5.951 

. 19892 

5.027 

216. 66 

14. 719 

.  7519 

.8671 

38600 

5.923 

. 19797 

216. 66 

14.719 

.7519 

.8671 

38700 

3,894 

. 19701 

5.  075 

216. 66 

14.  719 

.7519 

.8671 

38800 

5.866 

. 19607 

5.  100 

21^.66 

14.719 

.  7519 

.8671 

38900 

5.838 

. 19513 

5.  124 

216.  66 

14.719 

.7519 

.8671 

i 
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Hc 

(Feet) 

Or 

P/PSL 

1/  fv~ 

uifS 

a 

(Knots) 

35000 

35100 

.3098 

.3086 

.5567 
.  5556 

1. 7963 

1. 7999 

3. 703 
3.719 

4.877 

4.  902 

576.42 
576. 15 

35200 

.  3075 

.  5545 

1. 8034 

3. 735 

4.928 

575.89 

35300 

.3063 

.  5534 

1. 8070 

3.751 

4.  953 

575.62 

35400 

.3051 

.  5524 

1. 8103 

3.  767 

4.  979 

575.36 

35500 

.  3039 

.  5513 

1.8139 

3. 783 

5.  005 

575.09 

35600 

.3027 

.  5502 

1. 8175 

3.800 

5.032 

574. 83 

35700 

.3016 

.  5492 

1.8208 

3.816 

5.  058 

574.  57 

.  5481 

1.8245 

3.833 

5.  085 

574.  37 

.2992 

.  5471 

1. 8278 

3.850 

5.  112 

574. 10 

36000 

.2981 

.  5460 

1. 8315 

3.867 

5.  139 

573.84 

36100 

.2969 

.  5449 

1.8352 

3.884 

5.  166 

573. 58 

36200 

.  2954 

.  5436 

1.8396 

3.902 

5.  190 

573.58 

36300 

.2940 

.  5423 

1.8441 

3.921 

5.  215 

573,58 

36400 

.2926 

1.8485 

3.940 

5.  240 

573.58 

36500 

.  2912 

.  5397 

1.8530 

3.959 

5.  266 

573. 58 

36600 

.2898 

.  5384 

1. 8574 

3.978 

5.  291 

573.58 

36700 

.2884 

.  5371 

1. 8619 

3.997 

5.  317 

573.58 

36800 

.2870 

.  5358 

1.8664 

4.  017 

5.342 

573.58 

36900 

.2857 

.  5345 

1. 8709 

4.  036 

5.  368 

573.58 

37000 

.  2843 

.  5332 

1. 8753 

4.055 

5.  394 

573.58 

37100 

.2829 

.  5319 

1. 8799 

4.  075 

5.  420 

573. 58 

37200 

.2816 

.  5307 

1.8844 

4.095 

*5. 446 

573. 58 

37300 

.  2802 

.  5294 

1.8889 

4.  114 

5.  472 

573. 58 

37400 

.2789 

.  5281 

1.8935 

4.  134 

5.499 

573.58 

37500 

.  2775 

.  5269 

1.8980 

4.  154 

5.  525 

573.58 

37600 

.2762 

.  5256 

1.9026 

4.  174 

5.  552 

573. 58 

37700 

.  2749 

.  5243 

1.9072 

4.  194 

5.  579 

573.58 

37800 

.2736 

.  5231 

1.9117 

4.  215 

573. 56 

37900 

.  2723 

.  5218 

1.9164 

4.  235 

5.  632 

573.58 

38000 

.  2709 

.  5206 

1.9210 

4.  255 

5.  660 

573. 58 

38100 

.  2697 

.  5193 

1. 9256 

4.  276 

5.  687 

573.58 

38200 

.2684 

.  5181 

1.9302 

4.296”“ 

5.  714 

573.58 

38300 

.  2671 

.  5168 

1.9349 

4.  317 

5.  742 

573. 58 

38400 

.  2658 

.  5156 

_ 1,  9395  . 

4.  338 

5.  770 

573.58 

38500 

.  2645 

.  5144 

5.  797 

573. 58 

38600 

.  2633 

.  5131 

5.  825 

573.58 

38700 

.  2620 

.  5119 

BnC "  9 

5. 853 

573. 58 

38800 

.2607 

.  5107 

1 . 9583 

4.  422 

5.  881 

573.58 

38900 

.  2595 

.  5094 

1.9630 

4.  443 

5.  910 

573.58 
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TABLE  9.3 


39000 

5.810 

.19419 

5.149 

216.66 

«  «  /  /  / 

14.719 

.7519 

.8671 

VJl'l* 


39200 

39300 

39400 


39500 

39600 

39700 


39800 

39900 

40000 

40100 


40200 

40300 

40400 


40500 

40600 

40700 


0 

40900 

41000 

41100 


00 
41300 
41400 


41500 

41600 

41700 

5.  152 
5.127 

5. 103 

• 

• 

41800 

• 

41900 

5.054 

• 

42000 

5.030 

4 

42100 

5.006 

, 

42200 

4.982 

• 

42300 

4.958 

42400 

4.934 

Jm 

42800 

42900 


4.840 

4.817 


. 16178 
. 16100 


6.  181 
6.211 


216.  66 
216. 66 


14.719 

14.719 


.8671 

.8671 


TABLE  9.2 
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1/  jt  r*i& 


Hc  <r  fsr 

(Feet)  p/pSL  _ 


litft 


a 

(Knots) 


39000 

.2582 

.  5082 

1.9677 

4.465 

5.938 

573.58 

39100 

.2570 

.  5070 

1.9724 

4.486 

5.967 

573.58 

39200 

.2558 

.  5058 

1.9772 

“5:996 

57*. 58 

39300 

.2545 

.  5046 

1.9819 

4.  529 

573.58 

39400 

.2533 

.  5033 

1.9867 

4.  551 

6.054 

573. 58 

39500 

.2521 

1.9915 

4.  573 

6.083 

573. 58 

39600 

.2509 

.  5009 

1.9962 

4.  595 

6.112 

573.58 

39700 

.2497 

.4997 

2.0011 

4.  618 

6. 142 

573.58 

39800 

.2485 

.4985 

2.0059 

6. 171 

573. 58 

39900 

.2473 

.4973 

2.0107 

4.  662 

6.  201 

573.58 

40000 

.2461 

.4961 

2.0155 

4.  685 

6.231 

573.58 

40100 

.2449 

.  4949 

2.0204 

4.  707 

6.261 

573. 58 

40200 

.2438 

.  4938 

2.0253 

CK  i 

6.291 

573.58 

40300 

.2426 

.4926 

2.0301 

6.321 

573.  58 

40400 

.2414 

.4914 

2.0350 

Hot '  9H 

6.352 

573. 58 

.  2403 

2.0399 

4.799 

6.382 

573.58 

.2391 

HjagriTTIiW 

2.0448 

4.822 

6.413 

573.  58 

40700 

.2380 

.4879 

4.845 

6.444 

40800 

.  2368 

2.0547 

4.868 

6.475 

573.58 

40900 

.2357 

.4855 

2.0596 

4.892 

6.506 

573.58 

41000 

.2346 

.4844 

2.0646 

4.915 

6.537 

573.58 

41100 

.2334 

.4832 

2.0695 

4,939 

6«569  _ 

573.58 

41200 

.  2323 

.4820 

2.0745 

4.963 

6.600 

573.58 

41300 

.2312 

.4809 

2.0795 

4.987 

6.632 

573,58 

41400 

.  2301 

.4797 

2.0845 

5.011 

6.664 

573. 58 

41500 

.2290 

.4786 

2.0895 

5.035 

6.696 

573.58 

41600 

.  2279 

.4774 

2.0946 

5.059 

6.729 

573.58 

41700 

.  2268 

.4763 

2.0996 

5.083 

6.761 

573.58 

41800 

.2257 

.  4751 

2. 1046 

5.  108 

6.794 

573.58 

41900 

.  2246 

.4740 

2.1097 

5.  132 

6.826 

573. 58 

42000 

.2236 

.4729 

2.1148 

5.  157 

6.859 

573.58 

42100 

.  2225 

.4717 

2.1199 

5.  182 

6.892 

573.58 

42200 

.  2214 

.4706 

2.1250 

5.  207 

6.926 

573.58 

42300 

.  2204 

.4695 

2. 1301 

5.  232 

6.959 

573. 58 

42400 

.2193 

.  4683 

2. 1352 

5.  257 

6.992 

573.58 

42500 

.  2182 

.  4<j72 

2.  1404 

5.283 

7,026 

573.58 

42600 

.  2172 

.  4661 

2.  1455 

5.  308 

7.060 

573. 58 

42700 

.2162 

.  4650 

2.  1507 

5.334 

7.094 

573.58 

42800 

.2151 

.4639 

2.  1558 

5.359 

7. 128 

573. 58 

42900 

.  2141 

.4627 

2.  1610 

5.385 

7. 163 

573. 58 
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TABLE  9.3 


• 

Hc 

(Feet) 

Pa 

("Hg) 

Pa/PaSL 

Ta 
(  °K) 

e 

Ta/TaSL 

/T 

43000 

4.794 

.16023 

6.241 

216.66 

14.719 

.7519 

.8671 

4.771 

.15946 

6.271 

216.66 

14.719 

.  7519 

.8671 

43400 


ij 


70 

6 

94 

6 

18 

6 

8671 

8671 


43700 


216.66 

14.719 

.7519 

.8671 

216.66 

14.  719 

.7519 

.  8671 

216.66 

14,  719 

.8671 

.8671 

.8671 


4.’>2t'0 

45300 

45400 

45500 

45600 

45700 


4.313 
4.292 
4.  271 
4.  251 
4.  231 
4.  210 


. 14415 
. 14346 
. 14277 
. 14208 
. 14141 
14073 


.937 
6.970 
7.004 
7.  038 
7.071 
7. 105 


7.  140 
7.  174 


21 
216.  66 
216.66 
216.  66 
216. 66 
216. 66 


216. 66 
216. 66 


46800 

46900 


3.993 

3.974 


. 13348 
.13284 


7,491 
7.  527 


216. 66 


14.719 
14.719 
14.719 
14.  719 
14.719 
14.71 


14.719 
14.  719 

14.719 
14i_7 1 9 
14.  719 
14.  719 
14.719 


14.719 
14.  719 


.7519 
.7519 
.  7519 
.  7519 
.7519 
.  751 


.  7519 
.7519 

.  7519 
.  7519 
.7519 
.7519 
.  7519 


5 

5 

5 


.  519 
.7519 


,8671 

.8671 

.8671 

.8671 

.8671 

.8671 


.8671 

.8671 

.8671 

.8671 

.8671 

8671 


.8671 

.8671 


TABLE  9.2 


288 


Hc 

(Feet) 

<r 

f./f-SL. . 
.2131 
.2120 

r 7 

1/  f7 

fe// 

l/i/e 

a 

(Knots) 

43000 

43100 

.4616 

.4605 

2. 1662 

2. 1715 

5.411 

5.437 

7.197 

7.  232 

573. 58 
573.58 

rlTTTM 

■■NIM 

.4594 

2.  1767 

5.  463 

573. 58 

43300 

.4583 

2.1819 

7.301 

573. 58 

43400 

.4572 

2.  1872 

5.  516 

7.  337 

573. 58 

43500 

.  2080 

2.  1924 

5.  543 

7.  "372 

573. 58 

43600 

.  2070 

.4550 

2. 1977 

7.408 

573. 58 

43700 

.  2060 

.4539 

2. 2030 

5.  597 

7.444 

573. 58 

.  2050 

.4528 

2. 2083 

5.  623 

7.479 

573. 58 

.  2040 

.4518 

2.  2136 

5.650 

7.  515 

573. 58 

44000 

. 20310 

.4507 

2. 2189 

5.  678 

7.  551 

573.58 

. 20213 

.  4496 

2. 2242 

5.  705 

7.  588 

573. 58 

44200 

. 20117 

.4485 

2. 2296 

5.  732 

7.624 

573. 58 

44300 

.  4474 

2. 2349 

5.  760 

7.  661 

573. 58 

44400 

. 19924 

.4464 

2. 2403 

5.788 

7.  698 

573. 58 

. 19828 

.4453 

2.2457 

5.816 

573. 58 

. 19733 

.  4442 

2. 2511 

5.844 

573. 58 

. 19639 

.4432 

2.2566 

5.872 

bWHji 

573. 58 

. 19545 

.4421 

2.2620 

5.  900 

7.847 

573. 58 

. 19451 

.4410 

2. 2674 

5.929 

7.886 

573. 58 

. 19358 

.4400 

2.2729 

5.957 

7.923 

573. 58 

—  .19265 

.4389 

2.2783 

5.986 

7.961 

573. 58 

45200 

. 19173 

.4379 

2.2838 

6.015 

8.000 

573.58 

45300 

. 19080 

.4368 

2.2893 

6.044 

8.038 

573. 58 

8.077 

573.58 

45500 

. 18897 

.  4347 

2.3004 

6.  102 

8.116 

573.58 

45600 

. 18807 

.4337 

2.3059 

6.131 

8.155 

573. 58 

45700 

. 1871 7_ 

.4326 

2.3114 

6.  161 

8.  194 

573.  58 

. 18627 

.4316 

2.  3170 

6. 191 

8.234 

573. 58 

. 18538 

.4306 

2. 3226 

6.  221 

8.  274 

573. 58 

. 18449 

.4295 

2.3282 

6.251 

8.314 

573. 58 

.4285 

2.3338 

6.281 

8.  353 

573. 58 

46200 

. 18273 

.4275 

2.3394 

6.  311 

8.  394 

573.58 

46300 

. 18184 

.  4264 

2.  3450 

6.  342 

8.  435 

573. 58 

46400 

.  4254 

2.  3507 

6.372 

8.475 

573. 58 

46500 

.  18011 

.  4244 

2.3563 

6.403 

8.  51 6 

573. 58 

46600 

. 17924 

.  4234 

2.  3620 

6.433 

8.557 

573.58 

ECTZiTipi 

i^i  ii— V  ■  *  Jh  Ma 

.  4224 

2.3677 

6.465 

8.  598 

573. 58 

46800 

.  17753 

.  4213 

2.  3734 

6.496 

8.639 

573. 58 

46900 

. 17668 

.  4203 

2.3791 

6.  527 

8.  681 

573. 58 
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TABLE  9.3 


\ 


Hc 

Pa 

b 

1  // 

Ta 

rfi 

6 

sTT 

(Feet) 

("Hg) 

Pa/PaSL 

OK) 

T  a/^aSL 

47000 

3.955 

.13221 

7.563 

216. 66 

14.719 

.7519 

.8671 

47100 

3.936 

. 13157 

7.600 

216.  66 

14.719 

.  7519 

.8671 

47200 

nnn 

216.  66 

14. 719 

.  7519 

.8671 

47300 

216.  66 

14.  719 

.7519 

.8671 

47400 

Hvrm 

?WIV<T«nB 

216. 66 

14.  719 

.  7519 

.8671 

47500 

3.861 

. 12907 

7.  747 

216. 66 

14.  719 

.7519 

.8671 

47600 

3.843 

.12845 

7.785 

216. 66 

14. 719 

.7519 

.8671 

47700 

3.824 

.12783 

7.822 

216. 66 

14. 719 

.  7519 

.8671 

47800 

. 12722 

7.860 

216. 66 

14. 719 

.  7519 

.8671 

47900 

3.703 

. 12660 

7.898 

216. 66 

14.  719 

.7519 

.8671 

48000 

3.770 

.12600 

7.936 

216.  66 

14.719 

.7519 

.8671 

48100 

3.752 

. 12540 

7.974 

216. 66 

14.719 

.7519 

.8671 

48200 

3.734 

. 1 2480 

8.012 

216.66 

14.719 

.7519 

.8671 

48300 

3.716 

. 12419 

8.052 

216. 66 

14.719 

.7519 

.8671 

48400 

3.698 

. 12360 

8.090 

216. 66 

14. 719 

.7519 

.8671 

3.680 

8.129 

216. 66 

14.719 

.  7519 

.8671 

48600 

3.662 

.  U242 

8. 168 

216.66 

14.719 

.7519 

,8671 

3.645 

.12183 

8.208 

216. 66 

14.719 

.  7519 

.8671 

48800 

3.627 

.12125 

8.247 

216.  66 

14.719 

.7519 

.8671 

48900 

3.610 

8.287 

216. 66 

14.719 

.7519 

.8671 

49000 

3.593 

8.327 

216.  66 

14.719 

.7519 

.8671 

49100 

3.576 

.11951 

8.  367 

216.  66 

14.  719 

.7519 

.8671 

49200 

3.558 

.11894 

8.407 

216. 66 

14. 719 

.7519 

.8671 

49300 

3.541 

.11837 

8.448 

216.66 

14.719 

.7519 

.8671 

49400 

3.524 

.11780 

8.489 

216. 66 

14.719 

.  7519 

.8671 

49500 

.11724 

8.529 

216. 66 

14.  719 

.  7519 

.  8671 

49600 

3.491 

.11668 

216. 66 

14.  719 

.  7519 

.8671 

49700 

3.474 

.11611 

216. 66 

14.  719 

.  7519 

.8671 

49000 

3.457 

. 11556 

8.  653 

216. 66 

14.  719 

.  7519 

.8671 

49900 

3.441 

.11500 

8.695 

216. 66 

14.719 

.7519 

.8671 

50000 

3.424 

.11445 

8.737 

216. 66 

14.719 

.7519 

.8671 

50100 

3.408 

. 11390 

8.779 

216. 66 

14.719 

.7519 

.8671 

50200 

3.391 

.11336 

8.821 

216. 66 

14.  719 

.7519 

.8671 

50300 

3.375 

.11281 

8.864 

216.  66 

14.719 

.7519 

.8671 

50400 

3.359 

.11227 

8.907 

216. 66 

14.719 

.7519 

.8671 

50500 

3.343 

.11173 

8.950 

216.  66 

14.719 

.7519 

.8671 

50600 

3.327 

.11120 

8.992 

216. 66 

14. 719 

.  7519 

.  8671 

50700 

3.311 

.  1 J  067 

9.035 

216. 66 

14.719 

.  7519 

.8671 

50800 

3.295 

. 11014 

9.079 

216. 66 

14.719 

.  7519 

.  8671 

50900 

3.279 

. 10961 

9.123  • 

216.  66 

14.719 

.7519 

.  8671 

TABLE  9.  2 


290 


(Feet) 

<r 

P/PSL 

ff 

1/ 

•fto  /  & 

1  lUe 

a 

(Knots) 

47000 

47100 

.  17584 
. 17499 

.  4193 
.4183 

2.3848 

2.  3905 

6.  558 

6.  590 

8.722 

8.765 

573. 58 
573. 58 

47200 

mmwmm 

2.3963 

6.  622 

8.807 

573. 58 

47300 

h:wE5m 

it!  fill 

2.4021 

6.  654 

573.58 

47400 

mimSm 

2.4078 

6.  685 

8.892 

573.58 

47500 

.  17166 

.  4143 

2.4136 

6.  718 

8.935 

573.58 

47600 

.  17084 

.4133 

2.4194 

6.  750 

8.978 

573. 58 

47700 

.4123 

2.4252 

6.  783 

9.021 

573. 58 

47800 

. 16920 

.4113 

2.4311 

6.  815 

9.065 

573. 58 

47900 

.16839 

.4103 

2.4370 

6.849 

9.109 

573. 58 

48000 

. 16758 

.4094 

2.4428 

6.881 

9.152 

573. 58 

48100 

.  16678 

.  4084 

2.  4487 

6.914 

9.196 

573. 58 

48200 

.  16598 

.  4074 

2. 4546 

6.947 

9.240 

573. 58 

48300 

.16518 

.  4064 

2.4605 

6.982 

9.286 

573. 58 

48400 

.16439 

.  4054 

2.  4664 

573. 58 

48500 

.  4045 

2.4723 

7.049 

9.375 

573. 58 

48600 

.  16282 

.4035 

2.  4783 

7.083 

573. 58 

48700 

.  16204 

.4025 

2.4842 

7.117 

9.466 

573. 58 

48800 

. l£l26 

.4016 

2.4902 

7.151 

9.511 

573. 58 

48900 

.  4006 

2. 4962 

7.185 

9.557 

573. 58 

49000 

.15972 

.3996 

7.220 

573. 58 

49100 

.15895 

.  3987 

2. 5082 

7.255 

9.649 

573. 58 

49200 

. 15819 

.  3977 

2.  5143 

7.290 

573. 58 

49300 

.15743 

.  3968 

2. 5203 

7.325 

9.742 

573. 58 

49400 

. 15668 

.3958 

2. 5264 

7.360 

9.799 

573.  58 

49500 

. 15593 

.  3949 

2. 5325 

7.395 

9.836 

573. 58 

. 15518 

.3939 

2. 5385 

7.431 

9.883 

573. 58 

49700 

. 15443 

.  3930 

2. 5447 

7.467 

9.932 

573.  58 

.15369 

2. 5508 

7.503 

9.979 

573. 58 

49900 

.15295 

.  3911 

2. 5570 

7.  540 

10.028 

573. 58 

. 15222 

.  3902 

2. 5631 

7.576 

10.076 

573. 58 

50100 

.15149 

.  3892 

2. 5692 

7.612 

10. 125 

573.  58 

50200 

. 15077 

.  3883 

2. 5754 

7.649 

10, 173 

573.  58 

50300 

.  3874 

2. 5816 

7.686 

10. 222 

573.  58 

50400 

. 14932 

.  3864 

2.  5879 

7.723 

10. 272 

573.  58 

. 148&1 

.  3855 

2.  5941 

10.321 

573. 58 

. 14789 

.  3846 

7.  797 

10. 371 

573.  58 

. 14719 

.  3837 

2.  6065 

7.835 

10. 420 

573. 58 

50800 

. 14648 

.  3827 

2. 6128 

7.872 

10.470 

573.  58 

50900 

. 14578 

.  3818 

2. 6191 

7.910 

10. 521 

573. 58 
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TABLE  9.3 


1 

A 


Hc 

(Feet) 

Pa 

C'Hg) 

h 

Pa/PaSL 

lit 

Ta 
<  *K) 

(% 

1 

6 

a/TaSL 

a 

51000 

51100 

3.263 

3.248 

.  10908 
.  10856 

9.167 

9.211 

216.66 
216. 66 

14.719 

14. 719 

.7519 

.7519 

.8671 

.8671 

51200 

3.232 

.  10804 

9.255 

216.66 

14.719 

.7519 

.8671 

51300 

3.217 

.  10752 

9.300 

216. 66 

14. 719 

.7519 

.8671 

ETET<Ii^l 

3. 201 

.  10700 

9.345 

216. 66 

14. 719 

.  7519 

.8671 

LjOiTjlf 

3.186 

. 10649 

9.390 

216.  66 

14.719 

.7519 

.8671 

3.171 

.  10598 

9.435 

216. 66 

14.  719 

.7519 

.8671 

51700 

3.  155 

.  10547 

216.  66 

14. 719 

.7519 

.8671 

3.  140 

.  10497 

9.  526 

216. 66 

14. 719 

.  7519 

.8671 

3.  125 

. 10446 

9.  573 

216.  66 

14. 719 

.  7519 

.8671 

3.110 

.  10396 

9.619 

216. 66 

14. 719 

.7519 

.8671 

52100 

3.095 

.  10347 

9.664 

216.  66 

14.  719 

.  7519 

.8671 

EEM 

3.080 

.  10297 

216. 66 

14. 719 

.7519 

.8671 

3.066 

.  10247 

216.  66 

14. 719 

.7519 

.8671 

52400 

imwrm 

sEWTSlXl 

216. 66 

IDKilH 

.7519  __ 

■Iran 

52500 

3.036 

.  10149 

9.853 

216.66 

14.719 

.7519 

.8671 

52600 

3.022 

.  10101 

9.900 

216. 66 

14.719 

.7519 

.8671 

miTi¥SSl 

1.948 

216.66 

14.719 

.7519 

.8671 

52800 

2.993 

.  10004 

9.996 

216.66 

14.719 

.7519 

.8671 

52900 

2.979 

.09956 

10.044 

216.66 

14.719 

.7519 

.8671 

53000 

2.964 

.09908 

10.092 

216.66 

14.719 

.7519 

.8671 

53100 

2.950 

.09861 

10. 141 

216.66 

14.719 

.7519 

.8671 

2!  936 

.09813 

10.190 

216.66 

14.719 

.7519 

.8671 

53300 

2.922 

.09766 

10.239 

216.  66 

14.719 

.7519 

.8671 

53400 

2.908 

.09719 

10.289 

216.66 

14. 719 

.7519 

.8671 

53500 

2.894 

10.338 

216. 66  ” 

14.719 

.7519 

.8671 

53600 

2.  880 

10.387 

216. 66 

14.719 

.  7519 

.8671 

53700 

2.866 

10.437 

216. 66 

14.  719 

.  7519 

.8671 

53800 

2.852 

.09535 

10.487 

216.  66 

14. 719 

.7519 

.8671 

53900 

2.839 

.09489 

10.538 

216. 66 

14.719 

.75J9 

.8671 

54000 

2.825 

.09443 

10.589 

216.  66 

14.  719 

.7519 

.8671 

IMS 

2.812 

.09398 

■I'X'TM 

216.  66 

14. 713  _ 

.7519 

.8671 

54200 

2.  798 

.09353 

10.691 

216.66 

14.719 

.7519 

.8671 

54300 

2,785 

.09308 

10.743 

216.66 

14.719 

.7519 

.8671 

54400 

2.  771 

.09264 

10.794 

216.  66 

14.  719 

.7519 

.8671 

2.758 

.09219 

10.847 

216.  66 

14. 719 

.7519 

.8671 

KHiliJH 

2.745 

10.899 

216. 66 

14.  719 

.7519 

.8671 

54700 

2.732 

10.951 

216.66 

14.719 

.  7519 

.8671 

2.719 

.09087 

11.004 

21 6. 66 

14.719 

.7519 

.8671 

54900 

2.706 

.09044 

11.057 

216.66 

14.719 

.7519 

,8671 

TABLE  9.2 
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Hc 

(F  eet) 

a 

P/PSL 

f 7 

i//r 

m 

1///6 

a 

(Knots) 

51000 

51100 

. 14508 
.14439 

.  3809 
.  3800 

2. 6254 

2. 6317 

7.949 

7.987 

10.572 

10.623 

573. 58 
573. 58 

51200 

.14369 

.  3791 

2.  6381 

8.025 

10.674 

573. 58 

51300 

. 14300 

.  3782 

2.  6444 

8.064 

10.725 

573. 58 

51400 

. 14231 

.  3772 

2. 6508 

8. 103 

10.773 

573. 58 

51500 

. 14164 

.  3763 

2.  6571 

8.142 

10. 829 

573. 53 

51600 

. 14096 

.  3754 

2.  6635 

8.181 

10. 831 

573. 58 

51700 

. 14020 

.  3745 

2. 6700 

8.221 

10. 934 

573. 58 

51800 

. 13961 

.3736 

2. 6764 

10. 986 

573.  58 

51900 

.13894 

.  3727 

2. 6828 

11.040 

573. 58 

52000 

. 13827 

.3719 

2. 6893 

11. 093 

573. 58 

52100 

. 13761 

.  3710 

2. 6957 

11.145 

573. 58 

52200 

.  13695 

.  3701 

2.  7022 

11. 199 

573. 58 

52300 

. 13629 

.  3692 

2. 7088 

8.462 

11. 254 

573. 58 

52400 

. 13564 

.  3683 

2.  7152 

8.502 

11.308 

573 . 58 

52500 

. 13499 

.3674 

2. 7218 

8.543 

11.363 

573.58 

52600 

. 13434 

.  3665 

2.  7283 

8.584 

11.417 

573. 58 

52700 

.  13370 

.  3656 

2.  7349 

8.626 

11.472 

573. 58 

52800 

. 13306 

2.  7415 

8.667 

11.527 

573. 58 

52900 

. 13242 

.  3639 

2. 7481 

11. 533 

573.58 

53000 

.  13178 

.  3630 

2.  7547 

8.751 

11.639 

573. 58 

53100 

.  13115 

.  3621 

2. 7613 

8.  793 

11.695 

573.58 

53200 

.  13052 

.  3613 

2.  7680 

8783? 

11. 752 

573. 58 

53300 

. 12989 

.  3604 

2. 7746 

8.878 

11 . 808 

573. 58 

53400 

.  12927 

.  3595 

2. 7813 

8.921 

11.865 

573. 58 

53500 

. 12865 

.  3587 

2. 7880 

8.964 

11.922 

573. 58 

53600 

.12803 

.  3578 

2. 7947 

9.007 

11.979 

573. 58 

53700 

. 12743 

.  3570 

2.8014 

9.050 

12.036 

573. 58 

53800 

.12681 

.3561 

2. 8082 

9.093 

12.094 

573. 58 

53900 

.  12620 

.  3552 

2. 8149 

9.  137 

12.153 

573. 58 

54000 

. 12560 

.  3544 

2.8217 

9.  182 

12.212 

573. 58 

54100 

. 12500 

.  3536 

2. 8285 

9.226 

12. 271 

573. 58 

54200 

.  3527 

2.8353 

9.  270 

12.  330 

573. 58 

5430G 

.  3518 

2.8421 

9.315 

12.  389 

573. 58 

54400 

. 12321 

.  3510 

2. 8489 

9.359 

12.448 

573. 58 

54500 

mmassm 

.  3502 

2. 8558 

9.40  5 

12. 509 

573. 58 

54600 

. 12203 

.  3493 

2. 8627 

9.450 

12.  569 

573. 58 

54700 

.12144 

.  3485 

2. 8695 

9.496 

12. 630 

573. 58 

54800 

. 12086 

.  3477 

2. 8765 

9.  542 

12.  691 

573. 58 

54900 

.  12028 

.  3468 

2.8834 

9.587 

12. 751 

573. 58 
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TABLE  9.3 


< 


Hc 

Pa 

i 

1# 

Ta 

It! 

0 

VT 

(Feet) 

C'Hg) 

Pa/PaSL 

CK) 

Ta/TaSL 

55000 

2.  693 

.09000 

11.111 

216. 66 

14.  719 

.  7519 

.8671 

55100 

2.680 

.08957 

11.164 

216.  66 

14. 719 

.  7519 

.8671 

55200 

2.  667 

. 03914 

11. 218 

216. 66 

14. 719 

.7519 

.8671 

55300 

2.  654 

. 08871 

11.272 

216. 66 

14.  719 

.  7519 

.8671 

55400 

2.  641 

. 08829 

11.326 

216. 66 

14. 719 

.  7519 

.8671 

55500 

2.629 

. 08787 

11.380 

216. 66 

14. 719 

.  7519 

.8671 

55600 

2.  616 

.08745 

11.435 

216.  66 

14. 719 

.  7519 

.  8671 

55700 

2.  603 

. 08702 

11.491 

216.66 

14. 719 

.7519 

.8671 

55800 

2.  591 

. 08661 

11.546 

216. 66 

14. 719 

.7519 

.8671 

55900 

2.  578 

.08619 

11. 602 

216. 66 

14. 719 

.  7519 

.8671 

56000 

2.  566 

.08578 

11.657 

216. 66 

14.719 

.7519 

.  8671 

56100 

2.  554 

.08537 

11.713 

216. 66 

14. 719 

.7519 

.8671 

56200 

2.542 

. 08496 

11.770 

216.66 

14. 719 

.  7519 

.  8671 

56300 

2.529 

. 08455 

11.827 

216.  66 

14. 719 

.7519 

.8671 

56400 

2.  517 

.  08415 

11.883 

216.  6b 

14.  719 

.  7519 

.8671 

56500 

2.  505 

. 08374 

11.941 

216.  66 

14. 719 

.7519 

.8671 

56600 

2.493 

. 08334 

11.999 

216.  66 

14. 719 

.  7519 

.8671 

56700 

2.481 

.08294 

12.056 

216.  66 

14. 719 

.  7519 

.  8671 

56800 

2.469 

. 08254 

12.  115 

216.  66 

14. 719 

.7519 

.8671 

56900 

2.458 

.08215 

12.172 

216.  66 

14. 719 

.  7519 

.8671 

57000 

2.446 

. 08175 

12.232 

216.  66 

14. 719 

.  7519 

.8671 

57100 

2.434 

.08136 

12.291 

216. 66 

14.  719 

.  7519 

.8671 

57200 

2.422 

. 08097 

12.350 

216. 66 

14. 719 

.7519 

.8671 

57300 

2.411 

. 08058 

12.410 

216. 66 

14. 719 

.  7519 

.8671 

57400 

2.399 

. 08020 

12.468 

216.  66 

14.  719 

.7519 

.8671 

57500 

. 07981 

12.529 

216. 66 

14. 719 

.  7519 

.  8671 

57600 

2.  376 

. 07943 

12.  589 

216.  66 

14. 719 

.  7515 

.  8671 

57700 

2.365 

. 07905 

12. 650 

216. 66 

14. 719 

7519 

.  3671 

57000 

2.353 

. 07867 

12.711 

216. 66 

14.  719 

.  7519 

.8671 

57900 

2.342 

. 07829 

12.  773 

216. 66 

14.  719 

.  7519 

.8671 

58000 

2.331 

. 07792 

12.833 

216. 66 

14. 719 

.  7519 

.  8671 

58100 

2.  320 

. 07754 

12.896 

216. 66 

14.  719 

.  7519 

.8671 

58200 

2.309 

. 07717 

12.958 

216.  66 

14. 719 

.  7519 

~8671 

50300 

2.298 

. 07680 

13.020 

216. 66 

14. 719 

.7519 

.8671 

53400 

2. 287 

. 07643 

13.083 

216. 66 

14. 719 

.  7519 

.  8671 

58500 

2.  276 

. 07607 

13.  145 

216. 66 

14. 719 

.  7519 

.  8671 

58600 

2.265 

. 07570 

13.210 

216. 66 

14. 719 

.  7519 

.8671 

58700 

2.254 

. 07534 

13.273 

216.  66 

14. 719 

.  7519 

.  8671 

50800 

2  243 

. 07498 

13.336 

216. 66 

14. 719 

.  7519 

.  8671 

58900 

2. 232 

. 07462 

13.  401 

216.  66 

14. 719 

.  7519 

.8671 

TABLE  9 . 2 
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Hc 

cr 

1/  fT 

4  Q/S 

i///e' 

a 

(Feet) 

P/P  SL 

(Knots) 

55000 

.11971 

.  3460 

2.8903 

9. 634 

12.  813 

573. 58 

55100 

.  11913 

.  3452 

2.  8973 

9.680 

12.875 

573. 58 

55200 

. 11856 

.3443 

2.  9042 

9.  727 

12.937 

573.58 

55300 

.11799 

.  3435 

2.9112 

9.774 

13.000 

573.58 

55400 

.11743 

.  3427 

2.9182 

9.821 

13.062 

573. 58 

55500 

. 11686 

.  3419 

2.  9252 

9.867 

13.  124 

573. 58 

55600 

. 11630 

.  3410 

2.9323 

9.915 

13.  187 

573. 58 

55700 

.11574 

.  3402 

2.  9394 

9.964 

13. 252 

573. 58 

55800 

.11519 

.  3394 

2.  9464 

10.011 

13.315 

573. 58 

55900 

. 11463 

.  3386 

2.9535 

10. 060 

13. 380 

573.58 

56000 

.11409 

.3378 

2.  9606 

10. 108 

13.444 

573. 58 

56100 

.11354 

.3370 

2.9678 

10. 156 

13. 508 

573. 58 

56200 

.11299 

.  3361 

2.  9749 

10. 205 

13. 573 

573. 58 

56300 

.11245 

.  3353 

2. 9820 

10. 255 

13. 639 

573. 58 

56400 

.  11192 

.  3345 

2.  9892 

10. 304 

13. 704 

573. 58 

56500 

.11138 

.3337 

2.9964 

10.354 

13. 771 

573.58 

56600 

.11085 

.3329 

2.0036 

10. 404 

13.837 

573. 58 

56700 

. 11031 

.  3321 

3.0108 

10. 454 

13.904 

573.58 

56800 

.  10978 

.  3313 

3.0181 

10. 505 

13.972 

573. 58 

56900 

. 10926 

.3305 

3.0253 

10. 555 

14.  03f 

573. 58 

57000 

. 10873 

.  3297 

3.0327 

10. 606 

14.  107 

573. 58 

57100 

. 10821 

.  3290 

3.0399 

10.657 

14.  174 

573. 58 

57200 

. 10769 

.  3282 

3.0472 

10.708 

14. 242 

573. 58 

57300 

. 10718 

.  3274 

3.0546 

10. 760 

14.  311 

573. 58 

57400 

. 10666 

.  3266 

3.0619 

10.811 

14.  379 

573. 58 

57500 

. 10615 

.  3258 

3.0693 

10.864 

14.  450 

573. 58 

57600 

. 10564 

.  3250 

3.0767 

10.916 

14.  519 

573. 58 

57700 

.  10514 

.  3242 

3. 0841 

10. 969 

14.  588 

573. 58 

57800 

. 10463 

.  3235 

3.  0915 

11.022 

T4.1>59 

573. 58 

57900 

. 10413 

.  3227 

3. 0989 

11. 075 

14. 730 

573. 58 

58000 

. 10363 

.  3219 

3. 1064 

11. 128 

14. 800 

573. 58 

58100 

. 10313 

.  3211 

3.  1139 

11. 182 

14. 872 

573. 58 

>8200 

.10264 

.  3204 

3.  1214 

11. 236 

14.  944 

573. 58 

58300 

. 10215 

.  3196 

3. 1289 

11. .290 

15.  016 

573. 58 

58400 

. 10166 

.  3188 

3.1  S4 

11. 345 

15.  088 

573. 58 

58500 

.  10117 

.  3181 

3.1  iO 

11. 398 

15.  160 

573.58 

58600 

. 1OO68 

.  3173 

3.1515 

11. 454 

15.  234 

573. 58 

58700 

. 10020 

.  3165 

3.1591 

11. 509 

15. 307 

573. 58 

58800 

.09972 

.  3158 

3. 1667 

11. 564 

15.  380 

573. 58 

58900 

.09924 

.  3150 

3.  1743 

11. 620 

15. 454 

573. 58 
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TABLE  9.3 


1// 


fe 


Hc  Pa  <£ 

(Feet)  ("Hg)  Pa/PaSL 


Ta  /T,  0 

CK)  Ta/TaSL 


59000 

2  221 

. 07426 

1 3 . 466 

216. 66 

14.  719 

.  7519 

.8671 

591GC 

2.21 1 

.07390 

13. 531 

216.  66 

14.  719 

.  7519 

.8671 

59200 

2.200 

.07355 

13.  596 

216. 66 

14  719 

.8671 

59300 

2.  190 

. 07320 

13.661 

216. 66 

14.  719 

.  7519 

.8671 

59400 

2.  179 

. 07285 

13. 726 

216. 66 

14.  719 

lIXliRifclvBK 

.8671 

59500 

2.169 

.07250 

13.793 

216. 66 

14.  719 

.  7519 

.8671 

59600 

2.  158 

.  07215 

13,860 

216.  66 

14.  719 

.  7519 

.  8671 

59700 

2.140 

. C71C0 

13.927 

216  66 

14.  719 

.7519 

.  8671 

59000 

2.  130 

. 07146 

13.993 

216.  66 

14.  719 

.  7519 

.8671 

59900 

2.  127 

.07112 

14.060 

216. 66 

14.  719 

.  7519 

.3671 

60000 

2.  117 

.07077 

14.  130 

216.  66 

14.  719 

.  7519 

.  8671 

60100 

2.  107 

.07044 

14. 196 

21 6.  66 

14.  719 

.  7519 

.  8671 

60200 

2.097 

.07010 

14.  265 

216.  66 

14.  719 

.  7519 

.0671 

60300 

2.087 

. 06976 

14. 334 

216.  66 

14.  719 

.  7519 

.8671 

60  400 

2.077 

.06943 

14.  403 

21  6.  66 

14.  719 

.  7519 

.8671 

60  500 

2.067 

.06910 

14.471 

21 6.  66 

14. 719 

,  7519 

.8671 

60600 

2.057 

. 06876 

14. 543 

216.  66 

14.  719 

.  7519 

.  8671 

ffliWiTiH 

■m 

■nun 

.7519 

.8671 

60800 

2.037 

.06310 

14. 684 

216.  66 

14.  719 

.  7519 

.8671 

60900 

2.0281 

. 06778 

14. 753 

216.  66 

14.719 

.  7519 

.  8671 

61000 

2  0103 

. 06745 

14.825 

216.  66 

14.  719 

.  7519 

.  8671 

61100 

2.0087 

.06713 

14.896 

216. 66 

14. 719 

.  7519 

.  8671 

fiwii’MB 

iSIE 

14.967 

216.  66 

14.  719 

.7519 

.  8671 

If®  T&pll 

15.039 

216. 66 

14. 719 

.7519 

.8671 

15.  112 

21 6 . 66 

14.  719 

.  7519 

.  8671 

61500 

1.9704 

. 06585 

15.  186 

216. 66 

14.719 

.7519 

.  8671 

61600 

1.9610 

.06554 

15.  257 

216,  66 

14.  719 

.  7519 

.8671 

61700 

1.9515 

.06522 

15.  332 

216.  66 

14.  719 

.  7519 

.  8671 

.06491 

15.  405 

216.  66 

14.  719 

.  7519 

.8671 

61900 

1.9329 

.06460 

15. 479 

216.  66 

14.719 

.  7519 

.  8671 

62000 

1.9236 

. 06429 

15.  554 

216,  66 

14.  719 

.  7519 

.8671 

62100 

1 . 9 1 44 

. 06398 

15.  629 

216.  66 

14. 719 

.  7519 

.  8671 

62200 

1.9052 

. 06367 

15.706 

216.  66 

14.  719 

.  7519 

.  8671 

62300 

1  8961 

. 06337 

15.780 

216. 66 

14  719 

.  7519 

.  0671 

62400 

1.0870 

. 06306 

15. 857 

216. 66 

14.  719 

.  7519 

.  8671 

62500 

1.8779 

. 06276 

15.933 

216.  66 

14.  719 

.  7519 

.  0671 

62600 

1.8689 

.06246 

16.  010 

216. 66 

14.  719 

.  7519 

.  0671 

62700 

1.8600 

. 06216 

16.087 

216. 66 

14. 719 

.  7519 

.  8671 

62000 

1.8510 

.06186 

16.  165 

216. 66 

14.  719 

.  7519 

.  0671 

62900 

1 .8421 

.06157 

16.  241 

216. 66 

14.  719 

.  7519 

.  8671 

TABLE  9.2 
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Hc 

(Feet) 

<r 

P/PSL 

fr 

i/  /<r 

/e/Z 

i/jVe‘ 

a 

(Knots) 

59000 

59100 

.09877 

.09829 

.  3143 
.3135 

3.  1820 

3. 1896 

11. 676 
11.733 

15. 529 

15.  605 

573.58 

573.58 

59200 

.09782 

.  3128 

3. 1973 

11. 789 

15.679 

573.58 

59300 

.09735 

.  3120 

3. 2050 

11.845 

15.  754 

573.58 

59400 

.09689 

.  3113 

3.  2127 

11.902 

15.830 

573. 58 

59500 

. 09642 

3. 2204 

11.960 

15.906 

573. 58 

59600 

.09596 

.  3098 

3. 2281 

12.018 

15,984 

573.58 

59700 

. 09550 

.  3090 

3. 2359 

12.076 

16.061 

573.58 

59800 

. 09504 

.  3083 

3. 2438 

12. 134 

Ti. 133 

573.58 

59900 

.  09459 

.  3075 

3. 2515 

12.  192 

16.  215 

573.58 

60000 

.09413 

.  3068 

3. 2594 

12.  252 

16.295 

573.58 

60100 

. 09368 

.  3061 

3.2672 

12.309 

16.372 

573. 58 

60200 

.09323 

.  3053 

3. 2750 

12.  369 

16.451 

573. 58 

60300 

.09279 

.  3046 

3.2829 

12.429 

16.  531 

573.58 

60400 

.09234 

mxnv 

3. 2908 

12.488 

16. 610 

573. 58 

60500 

mm  9  - 

.  3031 

3.2987 

12. 548 

16.689 

573. 58 

.  3024 

3. 3067 

12.  610 

16.  772 

573.58 

60700 

RHIlvil  Si 

.  3017 

3.3147 

12.  671 

16.853 

573. 58 

60800 

.09058 

.  3010 

3.3226 

12.  732 

16.934 

573.58 

60900 

.09015 

.  3002 

3.3306 

12.792 

17.014 

573.58 

61000 

.08972 

.  2995 

3.3386 

12.855 

17.097 

573.58 

61100 

.08929 

.  2988 

3.3466 

12.916 

17. 179 

573. 58 

61200 

. 08386 

.  2981 

3.3547 

12.  978 

17.261 

573. 58 

61300 

.  08343 

.  2974 

3.3628 

13.041 

17.344 

573.58 

61400 

. 08801 

.  2967 

3. 3709 

13.104 

17. 428 

573. 58 

61500 

. 08758 

.  2959 

3. 3790 

13. 167 

17.  513 

573.58 

61600 

.08717 

.  2952 

3.3871 

13. 230 

17.596 

573. 58 

61700 

.08675 

.  2945 

3.3953 

13.  295 

17.682 

573. 58 

61800 

. 08633 

.  2938 

3. 4035 

13.358 

17.761 

573. 58 

.08592 

.  2931 

3. 4116 

13.422 

17.852 

573. 58 

. 08550 

.  2924 

3. 4199 

13.487 

17.938 

573. 58 

[SXTSmH 

.08510 

.  2917 

3.4280 

13.552 

18.025 

573.58 

62200 

. 08469 

.  2910 

3. 4363 

13.618 

18.113 

573. 58 

62300 

.08428 

.  2903 

3.4445 

13.683 

18. 198 

573.58 

62400 

. 08388 

.  2896 

3.4529 

13. 750 

18. 288 

573. 58 

62500 

.08347 

.  2889 

3.4612 

13.816 

18.375 

573. 58 

62600 

.08307 

.  2882 

3. 4695 

13.882 

18.463 

573.58 

62700 

. 08268 

.  2875 

3. 4778 

13.949 

18. 552 

573. 58 

62800 

. 08228 

.  2868 

3.4862 

14.017 

18. 642 

573. 58 

62900 

.08188 

.  2862 

3. 4946 

14.083 

18.730 

573. 58 
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k 


HC 

(Feet) 

Pa 

("Hg)  ! 

i 

3a/PaSL 

ui 

Ta 

iIKJ_ 

/tI 

0 

Ta/TaSL 

VT 

63000 

63100 

1.8333 

1.8246 

.06127 

.06098 

16.321 

16.398 

216.66 
216.  66 

14. 719 
14.719 

.  7519 
.7519 

.8671 
.  8671 

63200 

1.8158 

16.477 

216.  66 

14.719 

.  7519 

.8671 

63300 

.06039 

16.559 

216.66 

14. 719 

7519 

.8671 

63400 

1.7984 

.06010 

16. 638 

216.  66 

14.719 

.  7519 

.8671 

63500 

1 . 7898 

.05982 

16.  716 

216.  66 

14.719 

.  75i 9 

.8671 

63600 

1.7812 

.05953 

16.798 

216.66 

14.719 

7519 

.8671 

63700 

1.7727 

.05924 

16. 880 

216.  66 

14. 719 

.  7519 

.8671 

63800 

1.7642 

.05896 

16.  960 

216.  66 

14. 719 

.7519 

.8671 

63900 

1.7558 

.05868 

17.041 

216.  66 

14.719 

.  7519 

.8671 

64000 

1.7473 

.05840 

17. 123 

216.66 

14.719 

.  7519 

.8671 

mwkkixm 

.05812 

17.205 

216.  66 

14.719 

.7519 

.8671 

64200 

1.7306 

.05784 

17.289 

216.66 

14.719 

.7519 

.8671 

64300 

1.7223 

.05756 

17.373 

216.  66 

14.719 

.7519 

.8671 

64400 

1.7140 

.05728 

17.  458 

216.66 

14.  719 

.7519 

.8671 

64500 

.05701 

17.540 

216.  66 

14.719 

.  7519 

.8671 

64600 

1.6977 

.05674 

17.624 

216.  66 

14.719 

.  7519 

.8671 

asEEH 1 

1.6895 

.05647 

17.708 

216. 66 

14.719 

.7519 

.8671 

64800 

1.6814 

,05620 

17.793 

216.66 

14.719 

.7519 

.8671 

64900 

1.6733 

.05592 

17.882 

216.66 

14.719 

.7519 

.8671 

65000 

1.6653 

.05566 

17.966 

216.66 

14. 719 

.7519 

.8671 

65100 

1.6573 

.05539 

18.053 

216.  66 

14.719 

.7519 

.8671 

65200 

1 . 6494 

18.138 

216.66 

14.719 

WSBSM 

wM  J 

65300 

1.6415 

PfniaSaM 

18.228 

216.  66 

14.719 

Wmm 

65400 

1.6336 

18.315 

216.  66 

14. 719 

m  1 

65500 

1.6258 

.05433 

18.406 

216.66 

14.719 

.  7519 

.8671 

65600 

1.6179 

.05407 

18. 494 

216.  66 

14.719 

.7519 

.8671 

65700 

1.6102 

.05382 

18.580 

216.  66 

14.719 

.  7519 

.8671 

65800 

1.6025 

.05356 

18.670 

216.  66 

14.719 

.7519 

.8671 

65900 

1 . 5948 

.05330 

18.761 

216.  66 

14.719 

.  7519 

.8671 

66000 

1.5872 

.05305 

18.850 

216.  66 

14.  719 

.  7519 

.8671 

66100 

1 . 5795 

.05279 

18.943 

216.  66 

14.  719 

.  7519 

.8671 

66200 

1.5720 

.05254 

19.033 

216.  66 

14.  719 

.  7519 

.8671 

66300 

1.5644 

.05229 

19.124 

216.  66 

14. 719 

.  7519 

.8671 

66400 

1.5569 

.05203 

19. 219 

216.  66 

14.719 

.  7519 

.8671 

66500 

1.5495 

MS  *  ¥91 

66600 

1.5421 

mSEM 

j  M1': 

66700 

1.5347 

WmwM 

Iviiviii 

$$  E  sBv- 

■  S 

66800 

1.5273 

.05104 

19.592 

216.  66 

14.  719 

.  7519 

.8671 

66900 

1.5200 

.05080 

19.685 

216.  66 

14. 719 

.  7519 

.8671 
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Hc 

(Feet) 

<r 

P/PSL 

FT 

1/fF 

{Qli 

nils 

a 

(Knots) 

63000 

63100 

.08149 

.08110 

.2855 

.2848 

3. 5030 

3.  5114 

14.152 

14. 219 

18.822 

18.911 

573. 58 
573. 58 

63  200 

.08071 

imps'.,  * 

3.5199 

14.  287 

19.002 

573.58 

63300 

.08032 

3. 5284 

14. 358 

19.096 

573. 58 

63400 

.07994 

SUsE  :  *  rSi 

3. 5369 

14.427 

19. 188 

573. 58 

63500 

.07956 

.2821 

3. 5453 

14.495 

19. 278 

573. 58 

63600 

.07918 

.  2814 

3. 5539 

14.  565 

19.372 

573. 58 

.07080 

.2807 

3.5624 

14.  637 

19.467 

573. 58 

63800 

.07342 

,  2800 

3. 5710 

14.  706 

19.559 

573. 58 

63900 

.07804 

.  2794 

3. 5796 

14.  776 

19. 653 

573.58 

64000 

.07767 

.  2787 

3.5882 

14.847 

19. 747 

573.58 

.07730 

.  2780 

3. 5968 

14.919 

19.842 

573. 58 

64200 

.07693 

.  2774 

3. 6055 

14.991 

19.938 

573. 58 

64300 

.07656 

.  2767 

3. 6141 

15.064 

20.035 

573. 58 

64400 

.07619 

3.6229 

15.  137 

20.  133 

573. 58 

64500 

.07582 

.  2754 

3. 6316 

15.209 

20.  228 

573.58 

64600 

.07546 

.  2747 

3.6403 

15.  282 

20.325 

573.58 

64700 

.07510 

.  2740 

3. 6490 

15.355 

20.422 

573. 58 

64800 

.07474 

.  2734 

3.6578 

15.  428 

20. 520 

573. 58 

64900 

.07438 

.  2727 

3. 6667 

15. 506 

20.623 

573. 58 

65000 

.07402 

.  2721 

3.  6755 

15. 578 

20. 719 

573. 58 

65100 

.07367 

.  2714 

3. 6843 

15.654 

20.820 

573. 58 

65200 

.07332 

.  2708 

3.6932 

15.  728 

20.918 

573. 58 

65300 

.07296 

ffSffjfil  b§! 

3. 7021 

15.805 

21.02 

573. 58 

6  5400 

.07261 

.2695 

3.7110 

15.  880 

21.12 

573. 58 

65500 

.  2688 

3. 7199 

15.959 

21. 22 

573. 58 

65600 

.  2682 

3. 7289 

16.036 

21. 32 

573. 58 

65700 

.07158 

.  2675 

3. 7378 

16. Ill 

21. 42 

573. 58 

65800 

.07123 

wrnEasm 

3. 7468 

16. 189 

21.  53 

573. 58 

65900 

.07089 

.  2663 

3. 7558 

16.268 

21. 63 

573. 58 

66000 

.07055 

.  2656 

3. 7648 

16. 344 

21. 73 

573.  58 

66100 

.07021 

.  2650 

3. 7740 

16.  425 

21.84 

573. 58 

66200 

.06987 

.  2643 

3. 7830 

16.  503 

21.94 

573. 58 

66300 

.06954 

.  2637 

3. 7921 

16. 582 

22.  05 

573. 58 

66400 

.06921 

.  2631 

3. 8013 

16.  665 

22.  16 

573. 58 

66500 

.06888 

3,8104 

16.742 

573. 58 

66600 

.06855 

lllSfeW'  ♦ 

3.8195 

16.823 

573. 58 

66700 

.06822 

3.8287 

16.  905 

IS  Dk&KnSs 

573. 58 

65800 

.06789 

.  2606 

3.8380 

T67988 

22.  59 

573. 58 

66900 

.06756 

.2599 

3.8472 

17.068 

22.  70 

573. 58 
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Hc 

Pa 

S 

1// 

Ta 

% 

e 

rr 

(Feet) 

("Hg) 

Pa/PaSL 

(*K) 

Ta/TaSL 

1.5127 

.05056 

19.778 

216. 66 

14.719 

.  7519 

.8671 

67100 

1.5054 

.05031 

19.876 

216.66 

14.719 

.  7519 

.8671 

67200 

1.4982 

WBsESa ■ 

19.972 

216.  66 

14.719 

.  7519 

67300 

1.4911 

216.66 

14.719 

.  7519 

67400 

1.4839 

216.66 

14.719 

.7519  _ 

67500 

1.4768 

20.259 

216. 66 

14. 719 

.7519 

.8671 

67600 

1.4697 

.04912 

20.358 

216.  66 

14. 719 

.7519 

.8671 

67700 

1.4626 

.04888 

20.458 

216.66 

14.  719 

.  7519 

.8671 

67800 

1.4556 

.04865 

20.555 

216.66 

14.  719 

.7519 

.8671 

67900 

1 . 4487 

.04842 

20.65 

216.  66 

14. 719 

.7519 

.8671 

68000 

1.4417 

.04818 

20.75 

216.66 

14.  719 

.7519 

.8671 

mhVM 

1 . 4348 

.04795 

20.85 

216.66 

14. 719 

.  7519 

.8671 

68200 

1.4279 

.04772 

20.95 

216.66 

14. 719 

.  7519 

.8671 

68300 

1.4210 

.04749 

21.05 

216.66 

14. 719 

.7519 

.8671 

68400 

1.4143 

.04727 

21.  15 

216.66 

14.719 

.  7519 

.8671 

68500 

1.4075 

.04704 

21. 25 

216.66 

14. 719 

.7519 

.8671 

68600 

1 . 4007 

.04681 

21.36 

216.  66 

14.  719 

.  7519 

.8671 

68700 

1 . 3940 

.04659 

21.46 

216. 66 

14. 719 

.  7519 

.8671 

68800 

1.3873 

HHjTYjtfQH 

21.56 

216.66 

14.719 

.7519 

.8671 

68900 

1 . 3807 

21.67 

21.6.66 

14.719 

.  7519 

.f 

69000 

1.3741 

21.77 

216.66 

14. 719 

.  7519 

,8v 

.045-70 

21.88 

216.  66 

14.  719 

.  7519 

.8671 

69200 

1.3609 

.04548 

21.98 

216.  66 

14.  719 

TJf 

69300 

1 . 3544 

.04527 

22.08 

216.  66 

14.719 

mi  1  Jr 

l.*Jf  w  ■ 

69400 

1.3479 

.04505 

22.  19 

216.  66 

14.  719 

RkH 

»  m  M 

69500 

1 . 3414 

.04483 

22.  30 

216.  66 

14.  719 

.  7519 

.8671 

69600 

1.3350 

.04462 

22.41 

216. 66 

14.  719 

.  7519 

.8671 

69700 

1.3286 

.04440 

22.  52 

216.66 

14. 719 

.  7519 

.8671 

69800 

1.3222 

.04419 

22~S2 

216.66 

14.719 

.  7519 

.8671 

69900 

1.3159 

.04398 

22.73 

216.  66 

14. 719 

.  7519 

.8671 

70000 

1.3096 

.04377 

22.84 

216.  66 

14.719 

.  7519 

.8671 

70100 

1.3033 

.04356 

22.95 

216.  66 

14. 719 

.  7519 

.8671 

70200 

1.2971 

.04335 

23.06 

21 6. 66 

14. 719 

.  7519 

.  8671 

70300 

1.2908 

.04314 

23.  18 

216. 66 

14.  719 

.  7519 

.8671 

7f^ 

1.2846 

.04293 

23. 29 

216.  66 

14.719 

.  7519 

.  0671 

70500 

1.2785 

.04273 

23. 40 

216. 66 

14. 719 

.  7519 

.  8671 

70  600 

1 . 2723 

.04252 

23.  51 

216.  66 

14.  719 

.  7519 

.  8671 

70700 

1.2662 

. 04232 

23. 62 

216. 66 

14. 719 

.  7519 

.  8671 

70800 

05 02 

.04212 

23.  74 

216.66 

14.719 

.  7519 

.8671 

70900 

1.2541 

.04191 

23.86 

216. 66 

14.  719 

.7519 

.8671 
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Hc 

(Feet) 

<r 

p/pSL 

1/ 

{»/& 

1  /if© 

a 

(Knoto) 

67000 

67100 

.06724 

.06692 

.  2593 
.2587 

3.8564 

3.8657 

17. 149 
17.235 

22.  80 
22.92 

573.58 
573. 58 

67200 

.06660 

.  2581 

3. 8751 

17.317 

23.  03 

573. 58 

67300 

.06628 

.  2574 

3.8843 

17. 401 

23.  14 

573. 58 

67400  __ 

_ .06596 

.  2568 

3.8937 

17. 485 

23.  25 

573. 58 

67500 

.06564 

.  2562 

3.9031 

17. 566 

23.  3~5 

573. 58 

67600 

.06533 

.  2556 

3.  9124 

17. 652 

23.  47 

573. 58 

67700 

.06501 

.  2550 

3.9219 

17. 739 

23.  59 

573. 58 

r«Yn*i 

. 06470 

.  2544 

3.9313 

17.823 

23.  70 

573. 58 

. 06439 

.  2538 

3.9408 

17.907 

23. 81 

573.58 

35  mu 

. 06408 

.  2531 

17.  997 

23.93 

573.58 

nlTfnS^^l 

. 06378 

.  2525 

3.9597 

18. 083 

24.  05 

573. 58 

68200 

.06347 

.  2519 

3.9693 

18.170 

24.  16 

573. 58 

68300 

. 06317 

.2513 

3.9789 

18.258 

24.  28 

573. 58 

68400 

.06286 

.  2507 

3.9884 

18.343 

24.39 

573. 58 

68500 

.06256 

.2501 

3. 9980 

18. 433 

24.  51 

573. 58 

68600 

.06226 

.2495 

4. 0076 

18.523 

24.  63 

573. 58 

68700 

.06196 

18.611 

24.  75 

573. 58 

68800 

.06167 

.2483 

4.0269 

18. 699 

24.  87 

573. 58 

68900 

.06137 

.  2477 

4.0366 

18. 792 

24.99 

573. 58 

69000 

.06108 

.2471 

4.0463 

18.882 

25.  11 

573. 58 

69100 

.06079 

.2465 

4.0560 

18.973 

25.  23 

573. 58 

69200 

4.0658 

19.065 

25.  35 

573.58 

69300 

.  2454 

4.0756 

19.154 

25.47 

573. 58 

69400 

.05992 

.2448 

4.0854 

19. 247 

25.  59 

573. 58 

.05963 

.  2442 

4.0953 

19. 342 

25.  72 

573. 58 

.05934 

.  2436 

4.  1051 

19.433 

25.  84 

573. 58 

L9I 

.05906 

4.  1150 

19. 529 

25.97 

573. 58 

69800 

.05877 

4. 1249 

19.622 

573. 58 

69900 

. 05849 

.2418 

4. 1348 

19. 715 

26.  22 

573. 58 

70000 

.05821 

.  2413 

4. 1447 

19.810 

26.  34 

573.  58 

70100 

.05793 

.  2407 

4.1547 

19.905 

26.47 

573. 58 

70200 

4. 1647 

20.002 

75.CC 

70300 

.  2395 

4.  1747 

20.099 

26.  73 

i>73 . 58 

70400 

.  2390 

4.  1848 

20. 198 

26.  86 

573. 58 

70500 

.05683 

.  2384 

4.  1948 

20. 292 

26.98 

573. 58 

70600 

.05656 

.  2378 

4. *05 

20. 392 

27.12 

573. 58 

70700 

.05628 

.  2372 

4.  215 

20. 489 

27.  25 

573. 58 

70800 

.05602 

72367 

4.225 

20.586 

27.  38 

573. 58 

70900 

.05575 

.  2361 

4.235 

20. 689 

27.  51 

573. 58 
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Hc 

pa 

i 

lli 

Ta 

ff; 

e 

(Feet) 

C’Hg) 

Pa/PaSL 

CK) 

Ta/TaSL 

71000 

1.2481 

.04171 

23.97 

216. 66 

14.719 

.7519 

.8671 

71100 

1.2422 

24.09 

■ERrili 

—  1  ki 

71200 

1  23  62 

.04131 

24.  20 

216. 66 

14.719 

Klfl 

71300 

1.2303 

mu 

24.31 

216.66 

14. 719 

.  SS* 

71400 

1. 2243 

24.43 

216. 66 

14.719 

RStl 

■ft 41 

71500 

1.2185 

.04072 

24.55 

216.  66 

14.719 

.7519 

.8671 

71600 

1.2127 

.04053 

24.67 

216. 66 

14.719 

.7519 

.8671 

71700 

1. 2068 

.04033 

24.  79 

216. 66 

14.719 

.7519 

.8671 

71800 

1.2010 

.04014 

24.91 

216. 66 

14.719 

.7519 

wesb 

71900 

1.  1953 

.03995 

25.03 

216.  66 

14.719 

.7519 

.8671 

72000 

1.1896 

.03976 

25.  15 

216.  66 

14.719 

.7519 

.8671 

1.1838 

.03957 

25.  27 

216. 66 

14.719 

.7519 

.8671 

72200 

1. 1782 

.03938 

25.  39 

216. 66 

14.719 

arm 

72300 

1. 1725 

25.  51 

216.66 

14.719 

khz 

72400 

1.  1669 

S i.  tftfclMlIlM 

25.64 

216. 66 

14.719 

.7519 

mm 

72500 

1.  1613 

.03881 

25.76 

216.  66 

14.719 

72600 

1.1557 

.03863 

25.88 

216.  66 

14.  719 

^Snrli 

wBSi 

72700 

1. 1502 

.03844 

26.01 

216. 66 

14.719 

f  Hi 

1.  1447 

26.  13 

216.  66 

14.719 

.7519 

.8671 

72900 

1. 1392 

26.  26 

216. 66 

14.  719 

.7519 

.8671 

73000 

1.1337 

.03789 

26.  39 

216. 66 

14.  719 

.7519 

.8671 

nmm 

1 . 1 283 

nail 

26.  51 

216. 66 

14.  719 

.7519 

.8671 

73200 

1.1229 

.03753 

26.64 

216.66 

14.719 

.7519 

Tf57l 

73300 

1.1175 

.03735 

26.  77 

216. 66 

14.  719 

.  7519 

.8671 

73400 

1.  1121 

.03717 

26.90 

216. 66 

14.  719 

.7519 

.8671 

73500 

1. 1068 

.03699 

27.03 

216. 66 

14.719 

.7519 

.03681 

27. 16 

216. 66 

14.719 

.7519 

.03664 

27.29 

216.  66_ 

14.719 

73800 

1.0910 

.03646 

27. 42 

216. 66 

14. 719 

.7519 

.8671 

73900 

1.0857 

.03629 

27.  55 

21 6.  66 

14.719 

.7519 

.8671 

74000 

1.0805 

.03611 

27.69 

216.66 

14.  719 

.7519 

.8671 

74100 

1.0753 

.03594 

27.82 

21 6.  66 

14. 719 

.  7519 

.8671 

74200 

1.0702 

.03577 

27.95 

216.66 

14.719 

.  7519 

.8671 

74300 

1. 0650 

.03559 

28.09 

216. 66 

14.  719 

.7519 

.8671 

74400 

1.0600 

.03542 

28.  23 

21 6.  66 

14. 719 

.  7519 

.8671 

74500 

1.0549 

.03526 

28.36 

216. 66 

14. 719 

.7519 

.8671 

74600 

1. 0498 

.03509 

28.49 

216. 66 

14. 719 

.7519 

.8671 

74700 

1 . 0448 

.03492 

28.  63 

216.  66 

14.719 

.7519 

.8671 

74800 

1.0398 

.03475 

28.  77 

216. 66 

14. 719 

.7519 

.8671 

74900 

1 . 0348 

.03458 

28.91 

216. 66 

14.  719 

.  7519 

.8671 
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Hc 

(Feet) 

c 

p/p  SL 

{7 

1/  fr 

fe/J 

1///8 

a 

(Knots) 

71000 

71100 

.05548 

.05521 

.  2355 
.  2350 

4.  245 

4.  255 

20. 788 

20. 889 

27.64 

27.78 

573. 58 
573.  58 

71200 

.05495 

.2344 

4.266 

20.990 

27.91 

573. 58 

71300 

.05469 

.2338 

4.276 

28.04 

573. 58 

71400 

. 05442 

.  2333 

4.  286 

21.190 

28.18 

573.58 

71500 

dm 

4.296 

21.294 

28.32 

573.58 

71600 

4.307 

21.394 

28.45 

573.58 

71700 

Wf  •  EH 

4.317 

21. 500 

28.59 

573.58 

7180C 

. 05339 

.2311 

4.  328 

21.601 

28.73 

573.58 

7190C 

.05313 

.  2305 

4.  338 

21.704 

28.86 

573. 58 

74500 

74600 

74700 


74800 

74900 


05288 

05262 


.2299 

2294 


4.348 

4.359 


73000 

.05039 

.224 

73100 

.05015 

.223 

01 
12 
22 
4.433 
4.441 

4.454 

4.465 


74200 

.04757 

.2181  A 

74300 

. 04734 

.2176  A 

74400 

. 04712 

.2171  A 

04622 

04600 


.  2150 
,2145 


4.  651 
4.  662 


21.808 

21.913 


22.018 

22.125 

22.233 


22.342 

22.446 

22.55 

22.66 

22,77 

22.88 

22.99 


29.00 

29-14 


29.28 

29.42 

29.57 


2 

2 

_3 

3 

3 


31.17 

31.32 

31.47 


573.58 

573.58 


573.58 
573. 58 
573.58 


573.58 

573.58 

573.58 


573.58 

573.58 

573. 58 
573. 58 


573. 58 
573.58 
573.58 


573. 58 
573.58 
573.58 


3.58 
3.  58 


.24 

32.  24 

573.  58 

.36 

32.40 

573.58 

.48 

32.  55 

573. 58 

.59 

32.70 

573.58 

.71 

32.86 

573.58 

:.83 

33.02 

573.58 

t.  95 

33,18 

573.58 

>.07 

33.35 

573. 58 
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Hc 

Pa 

s 

u( 

Ta 

e 

rr 

(Feet) 

("Ha) 

Pa/PaSL 

CK) 

Ta/Tasi, 

75000 

1.0298 

.03442 

29.05 

216.66 

14.719 

.  7519 

.  8671 

75100 

1 . 0249 

.03425 

.29.19  . 

216.  66 

14.719 

.7519 

.  8671 

75200 

1.0199 

.03409 

29.33 

216.  66 

14. 719 

.7519 

.8671 

75300 

1.0151 

29.47 

216.66 

14. 719 

.  7519 

.8671 

75400 

1.0102 

mi 

29.62 

216. 66 

14. 719 

.  7519 

.8671 

75500 

1.0054 

.03360 

29.76 

216. 66 

14.  719 

.  7519 

.8671 

75600 

1.0006 

.03344 

29.90 

216.66 

14.719 

.  7519 

.8671 

35 

IJlilM 

21 6 . 66 

14. 719 

.  7519 

.  8671 

75800 

.9910 

.03312 

30. 19 

216. 66 

14. 719 

.  7519 

.8671 

75900 

.9862 

.03296 

3Q.33 

216.66 

14. 719 

.  7519 

.  8671 

76000 

.  9815 

.03280 

30.40 

216. 66 

14. 719 

.  7519 

.8671 

76JIOO 

.9768 

.03265 

30.62 

216. 66 

14. 719 

.  7519 

.8671 

76200 

.9721 

.03249 

30.77 

216.  66 

14.719 

.  7519 

.8671 

76300 

.9674 

.03233 

30.93 

216. 66 

14. 719 

.  7519 

.8671 

76400 

.9628 

.03218 

31.07 

216. 66 

14.719 

.  7519 

.  8671 

76500 

.9582 

.03202 

31. 23 

216. 66 

14.719 

.  7519 

.8671 

76600 

.9536 

.03187 

31.37 

216.  66 

14. 719 

.7519 

.8671 

76700 

.9490 

.03172 

31.52 

216.66 

14.719 

.7519 

.8671 

76800 

.9445 

.03156 

31.68 

216.66 

14.719 

.  7519 

.8671 

76900 

.03141 

31.83 

216. 66 

14. 719 

.  7519 

.8671 

.9354 

.03126 

31.98 

216. 66 

14.719 

.  7519 

.8671 

77100 

.9309 

.03111 

32. 14 

216. 66 

14.719 

.  7519 

.  8671 

77200 

.9265 

.03096 

32.29 

216.  66 

14.719 

.7519 

.8671 

77300 

.9221 

.03082 

32.44 

216.66 

14.719 

.  7519 

.8671 

77400 

.9176 

.03067 

32.60 

216.66 

14. 719 

.  7519 

.8671 

77500 

.9132 

.03052 

12.76“ 

21 6.  66 

14.719 

.  7519 

.8671 

.9088 

.03037 

32.9  2 

216.  66 

14.719 

.  7519 

.8671 

77700 

.03023 

33.07 

216.66 

14.719 

.  7519 

.8671 

77800 

.9002 

33.24 

216. 66 

14.719 

.7519 

.8671 

77900 

.8958 

.02994 

33.40 

216. 66 

14. 719 

.7519 

.8671 

78000 

.  8915 

.02980 

33.55 

216. 66 

14. 719 

.  7519 

.  8671 

78100 

.  8873 

.02965 

33.72 

216.  66 

14. 719 

.  7519 

.  8671 

78200 

.8830 

.02951 

33.88 

216. 66 

14.719 

.7519 

.8671 

.8788 

.02937 

34.04 

216.  66 

14.  719 

.  7519 

.8671 

78400 

.8745 

.02923 

34.21 

216.66 

14. 719 

.7519 

.8671 

78500 

.8704 

.02909 

34.37 

216. 66 

14. 719 

.  7519 

.8671 

78600 

.8662 

.02895 

34.  54 

216.  66 

14.  719 

.  7519 

.8671 

78700 

.  8620 

.02881 

34.71 

216.  66 

14.  719 

.  7519 

.8671 

78800 

.8579 

r02867~ 

34.87 

2l"5.  66 

14. 719 

.  7519 

.8671 

78900 

.8538 

.02853 

35.05 

216.  66 

14.719 

.  7519 

.8671 

TABLE  9.2 


304 


Hc 

(Feet) 

?i  PST. 

rr 

1  /  (V 

fBii 

i//fe 

a 

(Knots) 

75000 

75100 

.04578 

.04556 

.  2140 
.  2134 

4.  673 

4.  685 

25. 19 

25.  31 

33.  50 
33.67 

573. 58 
573.58 

75200 

. 04534 

.  2129 

4.  696 

25.  43 

33.  82 

573. 58 

75300 

. 04512 

.  2124 

4.  707 

25.  55 

33.98 

573. 58 

75400 

.04490 

.  2119 

4.  719 

25. 68 

34.  16 

573. 58 

75500 

.04469 

.  2114 

4.  730 

BE  jXEBB 

75600 

. 04448 

.  2109 

4.  741 

75700 

.04426 

.  2104 

4.  753 

75800 

.04405 

.  2099 

4.  764 

26.  18 

34.  82 

573. 58 

75900 

.04384 

.  2094 

4.  776 

26.  30 

34.  98 

573. 58 

76000 

.04363 

.  2089 

4.  787 

26.43 

35.  16 

573.58 

76100 

.04342 

.  2084 

4.  799 

26.  55 

35.  32 

573.58 

76200 

.04321 

.  2079 

4.  810 

26.  68 

35.  49 

573. 58 

76300 

.04300 

.  2074 

4.  822 

26.  82 

35.  67 

573.58 

76400 

. 04280 

.  2069 

4.833 

26.  94 

35.  83 

573. 58 

76500 

. 04259 

.  2064 

4.  845 

27.08 

36.  01 

573. 58 

76600 

. 04239 

.  20  59 

4.857 

27.  20 

36.  18 

573. 58 

.04218 

.  2054 

4.  868 

27.33 

36.  35 

573.58 

76800 

.04198 

.  2049 

4.  880 

27.  47 

36.  54 

573.58 

76900 

. 04178 

.  2044 

4.  892 

27.  60 

36.  71 

573. 58 

.04158 

.  2039 

27.  73 

36.  89 

573. 58 

.04138 

.  2034 

4.  915 

27.87 

37.  07 

573. 58 

77200 

.04118 

.  2029 

4.927 

28.00 

37.  24 

573. 58 

77300 

. 04099 

.  2024 

4.939 

28.  13 

37.  41 

573.58 

77400 

.04079 

.  2020 

4.  951 

28.27 

37.  60 

573. 58 

77500 

.04059 

:  2015 

4.  963 

28.41 

37.  78 

573. 58 

77600 

. 04040 

.2010 

4.  975 

28.  55 

37.  97 

573. 58 

77700 

. 04020 

.  200  5 

4.  987 

28. 68 

38.  14 

573. 58 

77800 

.04001 

.  2000 

4.  999 

28.82 

38.  33 

573. 58 

77900 

.03982 

.  1996 

5.  011 

28.96 

38.  51 

573. 58 

78000 

. 03963 

.  1991 

38.  69 

573. 58 

78100 

. 03944 

.  1986 

5.  035 

29.24 

38.  89 

573.58 

78200 

.03925 

.  1981 

5.047 

29.38 

39.07 

573. 58 

78300 

.03906 

.  1976 

5.  059 

29.  52 

39.  26 

573. 58 

78400 

. 03887 

.  1972 

5. 071 

29.66 

39.  45 

573. 58 

78500 

.03869 

.  1967 

5.  084 

29.80 

39.  64 

573. 58 

78600 

.03850 

.  1962 

5.  096 

29.  95 

39.  83 

573. 58 

78700 

.03832 

.  1958 

5.  108 

40.02 

573. 58 

78800 

.03813 

.  1953 

5.  120 

30.24 

40.  22 

573. 58 

78900 

.03795 

.  1948 

5.  133 

30,  39 

40.42 

573.58 
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TABLE  9.3 


Hc 

(Feet) 

Pa 

(”Hg) 

S 

Pa/PaSL 

Ui 

Ta 

(  *K) 

e 

Ta/TaSL 

if 

79000 

79100 

.8497 

.8456 

.02840 

.02826 

35. 21 

35.  38 

216.  66 
216.  66 

14. 719 

1 4. 719 

.  7519 
.  7519 

.8671 

.8671 

79200 

.8416 

.02813 

35.  54 

216.66 

14. 719 

.  7519 

.8671 

79300 

.8375 

.02799 

35.  72 

216.  66 

14.  719 

.  7519 

.8671 

79400 

.8335 

ajiftfll 

35.  89 

216.  66 

14.  719 

.  7519 

.8671 

795C0 

.8295 

.02772 

36.  07 

216.  66 

14.  719 

.  7519 

.8671 

79600 

.8256 

.02759 

36.  24 

216.  66 

14.  719 

.  7519 

.8671 

79700 

.8216 

. 02746 

36.  41 

216.  66 

14,719 

.  7519 

.8671 

79800 

.8176 

. 02733 

36.  58 

216.  66 

14.  719 

.7519 

.8671 

79900 

.  8137 

.02720 

36.  76 

216.  66 

14. 719 

.  7519 

.  8671 

80000 

.  8098 

.02706 

36.  95 

216. 66 

14. 719 

.  7519 

.8671 
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Hc 

(Feet) 

<r 

P/PST. 

i/  /r 

i/i7er 

a 

(Knots) 

79000 

79100 

.03777 

.03759 

.  1943 
.  1939 

5.  145 

5.  157 

30.  53 
30.68 

40.  60 

40. 80 

573. 58 
573. 58 

79200 

.03741 

.  1934 

30.82 

40.99 

573. 58 

79300 

.03723 

.1929 

5. 182 

30.97 

41. 20 

573.58 

79400 

.03705 

.  1925 

5.  195 

31.12 

41. 39 

573. 58 

79500 

.03687 

.  1920 

5.  207 

31.28 

41. 60 

573. 58 

79600 

.03670 

.  1916 

5.  220 

31.42 

41. 79 

573. 58 

79700 

.03652 

.  1911 

5.232 

31.57 

41.99 

573.58 

79800 

.03634 

.  1906 

5.  245 

31. 72 

42.  19 

573. 58 

79900 

.03617 

.  1902 

5.258 

31. 87 

42.39 

573. 58 

80000 

.03600 

.  1897 

5,  270 

32.04 

42.  61 

573. 58 
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TABLE  9.4 


MACH  NUMBER,  M  FOR  VARIOUS  VALUES  OF  q  /p 

C  3 

For  q  /P  *0.  893  (Mil  .  00) 
c  3 

qc  2  3  5 

=  (l+o.  2M  ;  -  1 

3 


Note: 

q  =  P  '  —  P 
t  a 

Where  P  '  =  free  stream  total  pressure  (Pt)  for  subsonic  flight. 


ALSO 

INDICATED  MACH  NUMBER  CORRECTED  FOR  INSTRUMENT 

ERROR,  M.  FOR  VARIOUS  VALUES  OF  q  .  /P 
ic  ^cic'  s 

For  qc.c/Ps£0.893  (M.^1.00) 

=  (1  +  0.2  M.  2)  3'  5-  1 
PB  IC 

Note: 

q  =  P  '  -  P 

^CIC  t  s 

Where  Pt  a  free  stream  total  pressure  (Pt)  for  subsonic  flight. 
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TABLE  9.  4 

MACH  NUMBER,  M  FOR  VARIOUS  VALUES  OF  qc/P 


__egegegegmmmm 


mo(Mfiff'OM)Oircr 

M'g'O'ino'g'MOmin 

cco-«m^<'£>r-0'O-- 


•O^OOOO'ONlfU/M^ff' 

f»  #>o  - 1  N  m  m  fO  M  M 

eiminvor-ooo'o  -i  m 
minminininin'O'O'O 


o 


ff'0'OiANO'Oi*lM(> 

oo'O'  —  o'M'coo'O'f'- 
O  in  O'l^ifiODOlM^sO 
CO  «-*  •—  ,™eoegegmmmm 


'OTj«g<SC'g,'fiminmf^ 
inegcomeoeg'OO'eg  't 
ao  o  — i  ^  >o  r-  «  o  - 1 


C  ^  'O  - itniTi^O 

■OOOO'OhNNMNN 
MtO^Or'OOff'O'-iN 
uninininininin'O'©'© 


Oinmaoi'*eginr~MO 

C-  .  ^NNNI^niOlO 


ff-MCNONONOifl 
ooo  —  fOTfsor^coo— i 


inr'-OiO'O-*^-*-— •!->»■« 
MfOTriA^ascro— ivl 
inmininininin'O'O'O 


<n 


o 


vD 


ao  ao  <g*  m  —  n  10 

NO-iifufOlfliTiri'J' 
O'in  ^NiAflOON'tvO 
O  —I  -.(MMNlOmwiO 


__-,mt^NO00'OO'CDrg 

eJO'inOinO'erl'X>0'ea 
aoo  —  rO'rLf't^cccr''- 


moxfifiTfOTriri^^. 

'T'Ot-OOO'OOOOO 
NfO^>i/lvO«0'0- i  el 
inmminir.  ininsO'O'O 


c 

o 

in 

J3 

3 

cn_ 

o 

o 


in 


vO  o 

m  vD 

o 

ro  — * 

g* 

•g1 

g* 

g* 

t- 

rvj  — , 

Tf  CO  mO 

m 

o 

iH 

oo 

m 

ro 

o 

M* 

in  g> 

*—4 

g<  O 

oo 

eg  — , 

r- 

#-«  fO 

ro 

(VI 

o 

rO 

O'  -g* 

GO  eg 

m 

GO 

— 

m 

g>  go 

r- 

00 

O'  O'  O'  O' 

O' 

oo  g« 

CO 

rg  m 

n- 

O  eg 

g«  O 

CO 

O' 

—g 

rsl  g« 

in  r- 

00 

O' 

•—4 

m 

m 

g>  in 

M3 

00 

O'  o 

Ml 

o  — 

•  • 

o 

• 

eg  Ai 

rsi 

m  m 

ro 

• 

rO 

ro 

rO 

g* 

• 

g<  M* 

•  • 

•g.  rr 

tT 

• 

g< 

in 

in 

• 

in 

in 

in 

• 

in 

• 

in 

in 

in  sc 

g  * 

>o 

• 

r-  — * 

m 

—  00 

o  o 

g< 

vO 

s£> 

00 

r-  r- 

o  O'  m 

•M 

GO 

O' 

r- 

eg 

m 

m 

O'  g> 

in  <r 

f>4 

in  — 

g< 

c-  ao 

in 

O'  — 

o 

ao 

in 

rg 

r*  rg 

r~  o 

g* 

n- 

O' 

— « 

ro 

m  o 

r- 

CO 

oo  oo 

00 

r-  t/ 

oo 

>-  v 

n- 

O'  IM 

g*  <« 

f» 

O' 

•— * 

eg  g< 

m  r- 

ao 

O' 

o 

oj 

m 

rf 

in  vO 

r- 

00  O'  o 

o  ~ 

•  • 

eg  eg  eg 
•  «  •  • 

eg  m  m 
•  •  < 

m 

• 

ro 

• 

m 

• 

g* 

• 

Tf  g< 

•  • 

•g*  g> 

•  • 

rf  g> 

•  • 

in 

• 

m 

in 

• 

in 

• 

in 

• 

in 

• 

m 

• 

in 

• 

m  vO 

•  • 

go 

• 

Si 

2 


m 


^DOTfCT'OvOC-O'Tfr-* 
in  o  OinsOnl-ooocj'OD 
•j«i  eo  - .rpr-o'  —  (fl  >n 

0-<rt(iiNNNn«l(*1 


ffi^ifl-Miomooin  r'lnorJNO'fnmmtsl 

*  >o  ao  o>~Jiru^>Ovor>-r^r^r- 


vOTfOiO— iinofn  _  . 

r'ff'-iNl'fm^oooo'O 

I’ti'i'fTf'ji't'fTfVin 


i\lMrr^s0M»C'O-< 

ininminu'inininovO 


lOt'in-flNH^hf  oo 

eg  ineir'-'te-C'-eiin 
O-iiMNNNrtrtn 


ifiNoo^O'^w^gr^ 

r»  O'  o  ej  m  uivo  »  O'  o 

mmg'g<M,'<f,^,M,'g,in 


inmo'— >— 'oominineg 
gi-,M^<iAing>»OiO»o 
^rO^ifiiOt'OOO'O- 
ininmminininino*o 


o 


h  N  Ifi  fl  (f|  ifl  —  iO 
f'~lnega'Ot'-l^^'g, 
nhjNOt^a-- 
o  — <  M  N  N  N  N  « 


O 


f  O'  m  e-  ej  ~  eg 

in  g*  ^  o  mo  x 
m  in  r-  O'  o  eg  m 
mm  m  m  ^  i)1  if 


I'oomifo  m  eg 

eg  o  o  m  in  x  o 

i/i  x  «  O'  o  -h  m 

g*  -g*  g<  g*  tn  in  in 


r-OOooegininm 
-.(O^fimninin 
g'm'Or'-aoo'O— < 
ini/mini/inxx 


o 't  'i*  0"f  >  r-  g<  g<  o 

oo'XinMfO'Nmei 
O  o— iioomoco— imin 

O— *  — <  ej  eg  eg  eg  m  m  m 


inOiO/Nmico-a 

m  in  * — "i  ^  ^  in  O'  eg  gi 

r~oooegmm'X)r~<j'0 

mmgifif'tTf'tifin 


eO^O'O'M'iininm 
r'-O'O— 'ogmif'ij'TfTf 
— <egg<in'£>r^a0O'O— ■ 
inminininiominO'O 


o 


GU  o-NmtinxNWO'  ®_*egmg,in'Ot'-ooo'  c>  — iegmg<in'Or~«o»' 
v — .  OOOOOOOOOO  -nee— i  egegegegegegegegegeg 

. . .  . 

a*  o 


TABLE  9.4 


310 


_  r\j  *-«  O  O'  CO  vO  in  m  *-«  0s 
^  m^ininor^ooo^oo 
O'i'0'0'C,>0'0N0r^rv 

^  ^  r-  m  O'  ^  0s 

m  n  o  ^  n  O"^  n 

r\}  ^  ^  in  \0  ^  Is-  00 

r-  r*-  r-  n*  n—  n*  r*-  r*- 

r-  ^Ovo^^h-C'HH 

^  'O  O'nO  n  oo  ^  h- 
O0  C'OO^NNrO^^ 
r^aoooooooooaooooo 

ifSI'vO^O'ClvDNt' 

—  -i03'COM/\'CMOCCl 
cri^^i^vOr-OOO'OO 
O'C'C'O'O'/^O'O  r-  p- 

vO  'f  M  O' lO  ^  00  i/l  M 
h  n  ci  ci  rf  '/i  'O  >fl  r-  co 

o  acfO"jit'ocii/un 

O'l/lMOOlfl-iBcfO'O 
wo'OO-NiMciifcr 
t~-  r-coaoooaoaoaoaoco 

1nooooooirt'-iificoo'0' 
o  a> «  r*  vO  w  — ■CT't'- 

1  rt  nif  iP  >C  N  M  0s  ff<  O 

OO^OOOOvOvON 

O'  o  in i  on— i^r-r-r-'O 
ifi(C|-.00'OC1Of'f- 
«  M  Cl  rO  Cji  tn  vO  'O  r-  00 
o-  r~  r-  r~  r-  r-  r--  r~  r- 

rr  «NNCO-^iOO'0' 
ao  in  —  ao  cf  -  n  ci  c>  i/i 

OOCT'OO  — 

r^r-aocoQOooaooooDoo 

O  00  O'*  O'  \0  i\J  0“  O'  — i  ■ — • 

_  o'oor-'Oi^-'fNOa't' 
w  iNlrOcJiin'Or-aOC'O'O 
O'O'OOOOvi'flOf" 

— i  «o  m  O  r-  O'  O  o  O' 

m  m  o  oo  in  ini  O'  cf  o 

-<NCl(Cll*li/liA'OI'00 

r~  r-  r-  r-  r~  r-  r-  p- 

c-rf— .vC>— inaooiNim 
p-  ^  — n-Tt<OvOcoo'in 
COC'OO-NMClClc}' 

f^t'-ooaoaoooooooooco 

\00'OO00’f00-*MM 
^  00C't~\O'},rrl-OC0v0 

rvirOT^iO'Or-OOO'O'O 

so  vc  vO  so  o  sO  v0  r~ 

Cl-cl'fOiOONClciN 
^lNO.I"fNC''OCIO 
-MM  Cl  cji  l/l  ift  ifi  |n  00 
p-  p-  p~  [n  n  n  h*  n 

OoO'COi/iO'N'/'Or- 

NClOM^ff'BMOOl' 

OOO'OO-rfiMClCI^' 

p-  r-cocoooaoaooooooo 

r-  o  — «  —  O' in  o  ifl  tfl 

t—  r-  vO  m  co  oi  —  o'  r~  in 
^  rMfO'flO'Or-JOOOO'O 
vOvOvOvO'O-xisO'Ovor- 

inmoinoNiin'O'Om 
m  — •O'sOcn— lOOiniNio' 
-.clNCliflflin^)M' 
in  /•  |N-f— r^-r— r» 

CI-OOClBNl/lOOO- • 
BCIC'BNO'l/lx®^1 

00  O'  O'  O - •  r<0  ro  ro  *<* 

SNNco®cooo»a« 

p-_rsi<Mor~  —  m  'O  r- 
^vOiT'tn  -  ocoifl^ 
(Mr0'4<m'0r~ooooo'0 

vO  \*)  sO  vD  ^ 

in  f\i  oo  #m  in  oo  O'  O'  qo 

n  o  oo  m  m  o  M1  oo 

N  N  m  ^  in  in  sO  r*  h 

r*  n*  r*  r^-  f--  r*-  t**  r*~  t** 

I'cfxBN'OO'N^1® 
l/lNO'i/lNW^'-.l'® 
00  0'0'0-«f4clClif 

r-i''t-a>coooooaococc 

OOMi'inNOOrt'C  COO' 

^  Mroit<in^or-r~cr)0-o 
vO'O'Ov O'O'O'O'O'Or* 

o  ^  o  m  ao  ^  rg  nj  «m 
O'  p»  in  nj  O'  r-  ^  -h  qo 
__rgco^^insor^rN- 
r-  f'-  ^  h-  r*  f'  f-  r- 

or»cf  o  m  o  co  in  ao  cr- 
in  -  ooi/i^oo'/oaN 

00  O'  O'  O  —  — •  olcOrOcO* 

r-p-r-ooaooocoaooooo 

OON^^^O^COO-h 
^  ^^^N«hOOOvOi/W^ 
^  Nfo^uior-t^co  a^o 

o  o  vO  so  sO  sO  vO  vO  sO 

-Hor-mt'OCiuii/ii/i 
m  O'  s£  .  O'  ^0  CO  O  N 

--.MCl^ifl/l'ONr' 
r>r»r-r-r^r-r^r~t^t^ 

rO— .OO’J’O'CO^XfO'— <cO 

— i  p-  Tf  o  t'-  co  o'  -n  oo 

OOO'CT-O— 1— ■corMrOTji 

r-r-i^oooooboocooooo 

0'«nvnin^<— no  o  <ilrt 

Q  mrni'4— .OO'l^'OTflM 

iMro^'in'O'Or-ooo'O 
'O  sO  vO  vO  sO  sO  'O  -0  Is- 

fn/vjo'inofnsooooooo 

ooomfn-coinNO"0 

M^Mfn,^'ifin'OvD(>* 

vOrroi'NI'OClifit' 
coor-coovocoo'in— i 
00  O'  O'  O  —  iNl  <\J  fO  'tf 

r-r-r'aoooooaoaoaoao 

« 

a 

u  to  «  m  n  i*i  n  n  A  m 

. . 

O^rgmttinvOr^OOO' 

OHNfn^in^NooC' 
in  m  m  in  in  m  in  in  m  in 

TABLE  9.4 

\ 


311 


O' 


c*l  O'  O  X 
inin^cr'.r'- 
OO  00  00  CO  00 


rtNN#N 
N  MO  »  V 
00  00  O'  O'  O 

co  ®  ao  oo  O' 


J  O-N  <)l  vO 

O'^oioc 

O  — >  OJ  (Nl  OO 
O'  ^  ^  ^  ^ 


Noocoeor- 

m  o  m  O  iA 
<n  "i"  '*•  in  *n 
O'  O'  O'  O'  O' 


>O^NON^OiON 
OlflOlO  OiTT  S'M® 

'O'Ot'Nt'COXO'O' 

O'  O'  0 O'  O'  O'  O'  O'  O'  O' 


in^mr-O"0'>»t^c4 

oo  Meo^Oin— .  r»  nl  oo 

i/li/lvO  NN  «0  OOO'O' 

oocooooooooooooooo 


vO  om'OO'-^nimc’im 
<n  o"fff'tOiflO^  o 
o  o— ■  —  nj*n*n,<r^,in 
O'  O'  O'  O'  O'  O'  O'  O'  O'  O' 


<\)  1-^MfirOO'OMO' 
in 

in  O  'O  h  Is"  00  00  O'  O' 
O'  O'C'O'O'O'O'O'O'  O' 


r- 


0'cor~'0rn0'0f'ir~-^ 

— i  r~  m  o'  tn  ~>o  n  r«  i*i 

iT  ifl  ®  >0  f'  CO  00  O'  O'  O 

ooooooooooooeoeoooo' 


inoo-fO'Ot'Woowr* 

®  M  o>t 

o— — injnifncO'r'tin 
^  ^  ^  ^  ^  ^  ^  ^ 


O'^O^^OOcOCOrslr- 
ifi'i'Of't'WWo'O' 
O  O  O  O  O  O'  O'  O'  O' 


sO 


rO  N  M  o  r-  -.  vO  ® 

-«M»10'^<0'0-<r'N 

Ifii0i0i0l'®000'0'0 

oOoOCOaOOOOOXOOOOO' 


one »ONflrtnN 

«n#n 

O'O'O'O'O'O'O'C'O'O* 


M  O  03tA  n  OMno> 
(M>  K  W  ®  1*1  r-Me 
e  ee  h  h*  oo  03  O'  O' 

(7s  0S  0S  0*  0s  0s  0s  0\ 


h  sO  sO  f  N  O'  lA  Os0  o 
OeN»^lO'iAr<eN 
mmXvor^r-xo'O'O 
aOOOOOCOOOOOCOOOOOO' 


Trcc-<mtnsOoowcc® 
r~fNoomrT3*naocsoc*n 
0^*-<nii'jpf>fn^,^in 
O'  O'  O'  O'  O'  O'  O'  O'  O'  O' 


MonH«eN®*f 
CD  m  oo  r*)  r-~  m  r"  —  x 
i/ieer't'##0'0' 
O'O'O'O'O'O'O'O'O' 


'f 


a 

oo 

sD 

rn 

a 

in 

o 

O' 

rsj 

00 

o 

*■4 

m 

m 

#n 

m 

o 

o 

<M 

m 

O' 

\n 

o 

o 

sO 

rsl 

r- 

fsl 

00 

oo 

00 

<*> 

if) 

m 

*c 

s0 

r- 

r- 

00 

o 

O' 

o 

O 

fM 

rsJ 

CM 

m 

m 

TT 

m 

00 

oo 

00 

oo 

00 

ao 

00 

00 

oo 

o' 

O' 

O 

O' 

O' 

O' 

<r 

O' 

O' 

O' 

O' 

(M  ooovO**  —  r-*no 
oofnr^nir~ni'Oi-»io 
in  e  e  r»  t»  ceooo'O' 

O'O'O'O'O'O'O'O'O' 


id  ifi  O'  "1  O  h  t  O  ifl  3> 

_  O'in— r-mx^Oino 
^  *fmeeM'®0'0'0 

®oo®®oooo®®ooo 


O'o'oon-^*— «'*,0'^ 
«toen)®n(Mi'o 
nj  0-0 

aoooaoooooaoooooaoo' 


mr-Ofnm'OK®®® 
exSn>lr>Nt'MS<M 
©— i— iNNnnt^m 
0s  0s  ^  ^  Os  O'  ^  ^  0N  ^ 


«njmt~0'»-r4»n»n'n 
in  ^  vO  _  e  N  N  N  MM 
o  —  —  n  n  n  n  t  S'  in 
O'-  ^  0s  ^  ^  ^  ^  <ys  ^ 


f-  iTt  co  <s)  C'N©<*'>C'ur>0 
KNNNe-eomo 
i/ieesKffl#o'o>o 
O'O'O'O'O'O'O'O'O'O 


<M  — •  O'  t“-  'T  •- itt-coe 

r*Ne-e--inoiriO' 

«n»o\or-r-x®o'0'0' 

O'  O'  O'  O'  O'  O'  O'  O'  O'  O' 


oinN-O'em#  Tf  ® 
oo^o®— «r~<n®^*o. 
Tt*mvOv0r~t-®0CO'O' 

®ao®®oooow®oo® 


nieo'Ntf  eN««« 
in  o  in  e  e  *™*  e  « 
o--NNnnt^m 
^  ^  0s  ^  ^  ^  ^  ^  ^  ^ 


®  HiO-eomoi'O' 
in'O'Of‘*r'-c0®o'O'O' 
O'  O'  O'  O'  O'  O'  O'  O'  O'  O' 


t'r'emnoi'fneo'n 
_  M*1C'U1-<hN»nff' 
^  '»<ininxr-r-®®a'<7' 

®co®m®®®®oo® 


rroinoin— *-o— >o  — 

o  — 

O'  O'  O'  O'  O'  O'  O'  O'  O'  O' 


rM  ri  O'  n  in  nj  O'  in  h  r- 

sD  —  in  O  1/1  o  f  ff>  if# 
inoesr'oco®  O'O' 
O'O'O'OO'O'O'O  O' O' 


a, 

v  o-'M»n^inef'«c9i  o  -.Mm^inx^wo  o-M(*i^inef»  ao  o- 
u'O'OO'OO'O'OO'O'O  ®®ao®cDao®®oo® 

o  •  •  •  . . .  •  •  •  . . 


TABLE  9.4 


312 


TABLE  9.5 


MACH  NUMBER,  M  FOR  VARIOUS  VALUES  OF  q  /P 

c  a 

FOR  M  ^  l.  00  (Supersonic) 


166.921  M1 


(7  M  •  I) 


■775 


1 


Note: 

qc=  p;  -  P 
t  a 


Where  Pt'  =  total  pressure  behind  the  shock  for  supersonic  flight. 

ALSO 


qcic//Ps  FOR  VARIOUS  VALUES  OF  INDICATED  MACH  NUMBER 

CORRECTED  FOR  INSTRUMENT  ERROR,  M  FOR  M.  fe  1.00 

1C  tc 

(Supersonic) 


166.921  M.  7  . 

_ 1C  -  1 

(7  M.  C~\)Z-b 
'  ic  ' 


Note: 

q  .  j-  P  *  -  P 
ncic  =  t  s 

Where  P^  =  total  pressure  behind  the  shock  for  supersonic  flight. 
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TABLE  9.  6 


DIFFERENTIAL  PRESSURE,  qc  ("  Hg  )  FOR  VARIOUS  VALUES 
OF  CALIBRATED  AIRSPEED,  Vc  (Knots) 


ft;  ■  [1  +  “-2<  Vasi/] 

aoL 

1C  =  166.921  (Vc/aSL)7 

PaSL  '  t 

where  Pag^  =  ^ '  ^2126  "Hg 


V  —  a 

V  c  aSL 


V  >  a 
c  -  SL 


ag^  =  661.  48  Knots 


Note : 


=  P  '  -  P 


where  P^  =  free  stream  total  pressure  ( Pt  )  for  subsonic  flight 
P  1  =  total  pressure  behind  the  shock  in  supersonic  flight 


ALSO 


INDICATED  DIFFERENTIAL  PRESSURE,  qcic  ("  Hg  )  FOR  VARIOUS 
VALUES  OF  INDICATED  AIRSPEED  CORRECTED  FOR  INSTRUMENT 
ERROR,  Vic  (Knots) 


-  [1  +  0-2  <  Vasi/J  3  5 

n  C  T 


%ic  .  ^6.921  (vic/aSL>7 

PaSL  "  (Vlc/asl/-lJ2 

where  P  CI  =  29.  92126  "  Hg 


V.  ^  act 
ic  —  SL 


V.  >  aCI 
ic  SL 


=  661.  48  Knots 
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Note: 


*cic 


where 


free  stream  total  pressure  (  )  for  subsonic  flight 

total  pressure  behind  the  shock  for  supersonic  flight 


i 

t 
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TABLE  9.6 


DIFFERENTIAL  PRESSURE,  qc  ("  Hg)  FOR  VARIOUS  VALUES 
OF  CALIBRATED  AIRSPEED,  Vc  (Knots) 


Vc 

(Knots) 

Sc 

(’*  Hg) 

60.  0 

0.  1727 

0.  1756 

61.0 

0.  1785 

61.5 

0.  1814 

62.  0 

0. 1844 

62.  5 

0.  1874 

63.  0 

0.  1904 

63.5 

0.  1935 

64.0 

0, 1965 

64.5 

0. 1996 

65.0 

0.  2027 

65.5 

0. 2059 

66.0 

0. 2090 

66,5 

0.  2122 

67.0 

0,2154 

67.5 

0.  2187 

68.0 

0.  2219 

68.5 

0. 2252 

69.0 

0. 2285 

69.5 

0.  2319 

70.0 

0. 2352 

70.  3 

0.2386 

71,0 

0.  2420 

71,5 

0. 2454 

72.0 

0.  2489 

72.  5 

0. 2524 

73.0 

0.  2559 

73.5 

0, 2594 

74.0 

0.  2629 

74.  5 

0. 2665 

75.0 

0.  2701 

75.  5 

0. 2737 

76.  0 

0.  2774 

76.5 

0. 2811 

77,0 

0. 2848 

77.5 

0. 2885 

73.0 

0.  2922 

78.  5 

0,  2960 

79.0 

0.  2998 

79.5 

0, 3036 

Vc 

Sc 

(Knots) 

("  Hg) 

40.  0 

0.0767 

40.  5 

0.0786 

41  0 

0.0805 

41 . 5 

0. 0825 

42.  0 

0. 0845 

42.  5 

0.0866 

43.  0 

0. 0886 

43.  5 

0.0907 

44.  0 

0.0928 

44.  5 

0.0949 

45.0 

0. 0970 

45.  5 

0.  0992 

46.  0 

0.1014 

46.  5 

0.1036 

47.0 

0.1059 

47.  5 

0.1081 

48.  0 

0,1104 

48.  5 

0.  1127 

49.0 

0.1151 

49.  5 

0.1175 

50.  0 

0.1198 

50,  5 

0.1223 

51 . 0 

0. 1247 

51  .  5 

0.1272 

52.  0 

0. 1296 

52.  5 

0.1321 

53.  0 

0.1347 

53.5 

0.1372 

54.  0 

0.1398 

54.  5 

0.1424 

55.0 

0. 1451 

55.  5 

0,1477 

56,  0 

0, 1504 

56.  5 

0. 1 531 

57.  0 

0.1553 

57.  5 

0,1586 

SS.  0 

0.1613 

58.  5 

0.1641 

59c  0 

0.1670 

59.5 

0.1698 

m 

m 

20.  0 

0. 0192 

20.  5 

0.  0201 

21.0 

0.  0211 

21.5 

0.  0221 

22.0 

0. 0232 

22.  5 

0. 0242 

23,0 

0.  0253 

23.  5 

0.  0264 

24.  0 

0.  0276 

24.  5 

0.  0287 

25.  0 

0.0299 

25.  5 

0.  0311 

26.  0 

0.0324 

26.  5 

0.  0336 

27.0 

0.  0349 

27.5 

0.0362 

28.0 

0.  0375 

28.  5 

0.0389 

29.0 

0.0403 

29.5 

0.0417 

30.0 

0.  0431 

30.5 

0.0446 

31.0 

0.  0460 

31 .  5 

0.  0475 

32.0 

0. 0490 

32.  5 

0. 0506 

33. 0 

0.  0522 

33.  5 

0.-0538 

34.  0 

0.  0554 

34.  5 

0.  0570 

35.0 

0. 0587 

35.  5 

0. 0604 

36.  0 

0. 0622 

36.  5 

0. 0638 

37.  0 

0.  0656 

37.  5 

0. 0674 

38.-0 

0. 0692 

38.  5 

0. 0710 

39.0 

0.  0729 

39.  5 

0.  0748 

! 

Sc 

(Knot  s) 

r  Hg) 

0.  0 

0.0000 

0.  5 

0.  0000 

1.0 

0.  0001 

1.5 

0.  0001 

2.0 

0.0002 

2.  5 

0.  0003 

3.0 

0.  0004 

3.  5 

0.  0006 

mSm 

0.  0008 

Ka 

0.0010 

5.  0 

0.  OOi 2 

5.  5 

0.0014 

6.0 

0.  0017 

6.5 

0. 0020 

7.0 

0. 0023 

7.5 

0.0027 

8.0 

0.0031 

8.5 

0.0035 

9.0 

0.0039 

9.5 

0.0043 

10.0 

0. 0048 

10.  5 

0. 0053 

11.0 

0.0058 

11.5 

0. 0063 

12.0 

0.0069 

12.  5 

0.0075 

13,0 

0.0081 

13.  5 

0. 0087 

14.0 

0. 0094 

14.  5 

0.0101 

15.0 

0.0108 

15.5 

0.0115 

16.0 

0.  0123 

16.5 

0. 0130 

17.0 

0.0133 

17.  5 

0.0147 

18.  0 

0.0155 

13.  5 

0. 0164 

19.  0 

0.  0173 

19.  5 

0.  0182 
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vc 

(Knots) 

9c 

C  Hg) 

80.  0 

80.5 
81.0 

81.5 
82.  0 

82.5 
83.0 

83.  5 
84.0 

84.  5 

0.  3075 
0.  3113 
0.  3152 
0.  3192 
0. 3231 
0. 3271 
0. 3311 
0. 3351 
0. 3391 
0.  3432 

67.  5 

88.  0 

38.5 
39.0 

89.5 


90.0 

90.5 
91.0 

91.5 
92.0 

92.5 
93.0 

93.  5 
94.0 

94.  5 


95. 0 

95.5 

96.  0 

96.5 
97.0 
97.  5 
98,0 

98.5 
99.0 
99.  5 


0.  347  j 
0.  3514 
0.  3555 


0.  3895 
0. 3939 
0.  3983 
0.4027 
0.  4071 
0. 4116 
0.  4i 61 
0.  4206 
0.4251 
0.4297 


0. 4342 
0.4388 
0. 4435 
0. 4431 
0.4528 
0.4575 
0.4623 
0. 4670 
0.  4718 
0. 4766 


00.0 
00.  5 
01.0 
01.5 
102.0 

102.  5 
103.0 

103.  5 

104.  0 
104.5 


105.0 

105.  5 

106.0 

106.  5 

107.0 

107.  5 

108.0 

108.  5 

109.0 

109.  5 

111.5 
1  12.  0 
1 12.  5 
113.0 

113.5 
114.0 
1  14.  5 


115.0 

115.5 
116.0 
1  16.  5 
117.0 
1  17.  5 
118.0 

118.5 
119.  0 

119.5 


9c 

(B  Hg) 


0.4814 
0.4863 
0.4912 
0.4961 
0.  5010 
0.  5059 
0.  5109 
0.5159 
0. 5209 
0.  5260 


0.531  1 
0,  5362 
0.  541  3 
0.  5465 
0.  5516 
0.  5568j 
0-  5621 
0,  5673 
0.5726 
0.  5779 


0.  5832 
0.  5886 
0.  5939 
0.  5993 
0.  6048 
0.  6102 
0,  6157 
0. 621 2 
0,  6267 
0.  6323 


0.  6379 
0.  6435 
0.  6491 
0.  6547 
0.  6604 
0. 6661 
0.6718 
0.  6776 
0,6834 
0.6892 


20.  0 
20.  5 
21. 0 

121.  5 

122.  0 

122.  5 
1  23,  0 

123.  5 

124.  0 
124.  5 


25.  0 

25.  5 

26.  0 

126.  5 
127.0 

127.  5 
128.0 

128.  5 

129.  0 
129.  5 


30, 0 
30„  5 
31. 0 
131. 5 
132.  0 

132.  5 

133.  0 
133.  5 
134. 0 
1  34.  5 


35.  0 

35.  5 
36. 0 

36.  5 
37.0 


9C 

(*  Hg) 


0.695 

0.700 

0.7067 

0.712 

0.7185 

0.7245 

0.7305 

0. 7365 

0.7425 

0.7486 


0 , 7546 
0, 7607 
0.7669 
0,7730 
0,7792 
0.7854 
0.7916 
0.7979 
0,8042 
0. 8105 


0. 8168 
0,8232 
0. 8295 
0. 8360 
0.8424 
0.8488 
0.8553 
0..  8613 
0. 8684 
0. 8749 


0.8815 
0.8881 
0. 8948 
0.9014 
0.9081 
0.9148 
0.9216 
0.9283 
0.9351 
0.9419 


40.  0 
40.  5 
41.0 
41. 5 
42.  0 

42.  5 

43.  0 

43.  5 
44.0 

44.  5 


45.  0 

45.  5 

46.  0 

46.  5 

47.  0 
47.5 
48.0 

48.  5 
49.0 

49.  5 


50.  0 

50.  6 
51. 0 

51.  5 

52.  0 
52.  5 

153.  0 

153.  5 

154.  0 
154.  5 


55.  0 

55.  5 

56.  0 

156.  5 
157.0 

157.  5 

158.  0 

158,  5 
1  59.  0 

159.  5 


9C 


0. 9488 
0.9556 
0.  9625 
0. 9694 
0. 9764 
0.  9833 
0.  9903 
0.  9974 
1. 004 
1. 01 1 


1. 040 
1. 047 
1. 054 
1. 062 
1. 069 
1. 076 
1. 084 


1.113 
1.120 
1,128 
1.136 
1.  143 
1.151 
1.  158 


.  166 
.  173 
1.  181 
1.189 
1.197 
1. 204 
1. 212 
1. 220 
1. 228 
1. 236 
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324 


Vc 

9c 

(Knots) 

("  Hg) 

60.0 
60.  5 
61.0 

61.5 
62.0 

62.5 
63.0 

63.5 
64.0 

64.5 


165.0 

165.5 
166.0 

166.5 
167.  0 

167.5 
168.0 

168.5 
169.0 

169.5 


171.5 
172.0 

172.5 
173.0 

173.  5 
174.0 

174.  5 


176,  5 
177.0 

177.  5 
178.0 

178.5 
179.0 

179.5 


.243 

.251 

.259 

1.267 

1.275 

1.283 

1.291 

1.299 

1.307 

1.315 


.324 

,332 

.340 

1.348 

1.356 

1.365 

1.373 

1.381 

1.390 

1.398 


1.440 

1.449 

1,457 

1.466 

1.474 

1.483 


.492 
.500 
,510 
1.518 
1. 527 
1.536 
1.544 
1.553 
1.562 
1,571 


(Knots ) 


80.0 
80.  5 
81. 0 

81.5 
82.0 
82.  5 
183.  0 

183.  5 

184.  0 
184.  5 


85.  0 
85,  5 
86.0 

186.5 
187.  0 

187,  5 

188.  0 
188.  5 
189.0 

189.5 


191-  5 

192.  0 

192.  5 
193.0 

193.  5 
194.0 

194.5 


95.  0 

95.5 

96.0 

196.5 
197.0 

197,  5 

198.  0 

198.5 
199.0 

199.  5 


9c 

(*  Kg) 


£ 


1. 607 
1 . 61 6 
1. 625 
1 . 634 
1. 643 
1. 652 
1. 661 


.671 
.  680 
.689 
.698 
,708 


.  764 
.773 
.  783 
.79  2 
,  802 
,812 
1. 821 
1. 831 
1.841 
1.850 


.  860 
,  870 
1.880 
1,889 
I.  899 
1.909 
1.919 
1.929 
1.939 
1,949 


2 
2 
2 
2 
2 
2 

203,0 

203.  5 
204.0 

204.  5 


205.0 

205.  5 
206.0 

206.  5 

207.  0 

207.5 
208.0 

208.5 
209-0 

209.5 


210.0 
210,  5 
211.0 

211. 5 
212.0 

212.  5 
213.0 

213.  5 
214,0 

214.5 


215.0 

215.  5 
216. 0 

216.  5 

217.  0 

217.  6 

218.  0 

218.  5 
219. 0 

219.  5 


9c 

("  Hg) 


1.959 
1.969 
1.979 
1.989 
1.999 
2.009 
2.  019 
2.  030 
2.  040 
2.  050 


2.i 
2.  i 
2.  081 
2.  091 
2.  102 
2.  112 
2,  123 
2.  133 
2,  144 
2.  154 


2.  165 
2.  175 
2.  186 
2,  196 
2.  207 
2.  218 
2.  229 
2.  239 
2-250 
2.261 


2.  272 
2,  283 
2.  293 
2,  304 
2.  315 
2.  326 
2,  337 
2.  348 
2.  359 
2.  370 


Vc 

9C 

(Knots) 

(*  Hg) 

220.  0 

2.382 

220.  5 

2.393 

221. 0 

2.404 

221.  5 

2.415 

222.  0 

2.426 

222.  5 

2.439 

223.  0 

2.449 

223.  5 

2.460 

224.  0 

2.471 

224.  5 

2.483 

225.  0 

2.494 

225.  5 

2.506 

226.  0 

2.51  7 

226.  5 

2.529 

227 .  0 

2.540 

227.  5 

2.552 

228.  0 

2.563 

228.  5 

2.575 

229.  0 

2.586 

229.5 

2.598 

230.  0 

2.610 

230.  5 

2.621 

231. 0 

2.633 

231.  5 

2.645 

232.  0 

2.657 

232.  5 

2.668 

233.  0 

2.680 

233.  5 

2.692 

234.  0 

2.704 

234.  5 

2.716 

235.  0 

2.728 

235.  5 

2,  740 

236.  0 

2.752 

236.  5 

2.  764 

237.  0 

2.776 

237.  5 

2.788 

238.  0 

2.800 

238.  5 

2.812 

239.  0 

2.825 

239.  5 

2.837 

325 
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■DM! 

■6911 

Knots) 

Wmsml 

240.  0 

2.849 

240.  5 

2.861 

241. 0 

2.  874 

241.  5 

2.886 

242.  0 

2.898 

242.  5 

2.911 

243.  0 

2.923 

243.  5 

2.936 

244.  0 

2.948 

244.  5 

2.961 

245.0 

2.973 

245.  5 

2.986 

246.0 

2.998 

246.  5 

3.011 

247.  0 

3.024 

247.  5 

3.036 

24C.  0 

3.049 

248.  5 

3.062 

249.0 

3.074 

249.5 

3.087 

250.  0 

3.  100 

250.  5 

3.  113 

251. 0 

3.126 

251.5 

3.139 

252.  0 

3.  152 

252.  5 

3.  165 

253.  0 

3.  178 

253.  5 

3.  191 

254.0 

3.  204 

254.  5 

3.217 

255.0 

3.  230 

255.  5 

3.  243 

256.  0 

3.  256 

256.  5 

3.  269 

257.  0 

3.  283 

257.  5 

3.  296 

253.  0 

3.  309 

258.  5 

3.  323 

259.0 

3.  336 

259.  5 

3.  349 

\W3mm\ 


260.  0 
260.  5 
261. 0 

261. 5 

262.  0 

262.  5 

263.  0 

263.  5 

264.  0 

264.  5 


265.0 

265.  5 

266.  0 

266.  5 
267.0 

267.  5 
268.0 

268.  5 

269.0 

269.  5 


273.  0 

273.  5 

274.  0 

274.  5 


275.  0 

275.  5 

276.  0 

276.  5 

277.  0 

277.  5 

278.  0 

278.  5 
279.0 

279.  5 


3.  390 
3.  403 
3.  417 
3.  430 
3.  444 
3.  458 
3.  471 
3.485 


3.499 
3.  512 
3.  526 
3.  540 
3.  554 
3.  568 
3.  531 
3.  595 
3.  609 
3.  623 


3.  637 
3.  651 
3.  665 
3.  680 
3.  694 
3.  708 
3.  722 
3.  736 
3.  750 
3.  765 


3.  779 
3.  793 
3.  808 
3.  822 
3.  837 
3.  851 
3.  866 
3.  880 
3.  895 
3.  909 


280.  0 

280.  5 
281. 0 

281.  5 

282.  0 

282.  5 

283.  0 

283.  5 

284.  0 

284.  5 


285.0 

285.  5 

286.  0 

286.  5 
287.0 

287.  5 
288.0 

288.  5 
289.0 

289.  5 


290.  0 

290.5 

291.0 

291.5 

292.  0 

292.  5 

293.  0 

293.  5 

294.  0 

294.  5 


295.  0 

295.  5 
296.0 

296.  5 
297. 0 

297.  5 

298.  0 

298.  5 
299. 0 

299.  5 


3.924 

3.939 

3.953 

3.968 

3.983 

3.997 

4.012 

4.027 

4.042 

4.057 


.  072 
.  087J 
.102 
.117 
.132 
.147 
.162 
.177 
.192 
.  208 


4.  223 
4.  238 
4.253 
4.  269 
4.  234 
4.  299 
4.  315 
4.  3  30 
4.  346 
4.  361 


4.424 
4.439 
4.455 
4.  471 
4.487 
4.  502 
4.  518 


3 
3 
3 
3 
3 
3 

303.  0 

303.  5 

304.  0 

304.  5 


305.  0 

305.  5 

306.  0 

306.  5 

307.  0 

307.  5 

308.  0 

308.  5 
309.0 

309.  5 


0.  0 
0.  5 
1.0 

311.  5 

312.  0 

312.  5 

313.  0 

313.  5 

314.  0 

314.  5 


3 
3 
3 

316.  5 

317.  0 

317.  5 

318.  0 

318.  5 

319.  0 

319.  5 


.695 

.711 

.727 

.743 


4.  858 
4.  875 
4.891 
4.908 
4.925 
4.941 
4.958 
4.975 
4.991 
5,008 


5.1 

5.1 
5.059 
5.076 
5.093 
5.  110 
5.127 
5.  144 
5.  161 
5.178 
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326 


320.0 

5.195 

320.5 

5.212 

321.0 

5.230 

321.5 

5.  247 

322.0 

5.264 

322.5 

5.281 

323.0 

5.299 

323.  5 

5.  316 

324.0 

5.334 

324.5 

5.351 

325.  0 

5.369 

325,  5 

5.386 

326.0 

5.404 

326.5 

5.421 

327.0 

5.439 

327.  5 

5.456 

328.0 

5.474 

328.5 

5.492 

329.0 

5.510 

329.5 

5  527 

330.0 

5.545 

330.  5 

5.  563 

331.0 

5.581 

331. 5 

5.599 

332.0 

5.617 

332.  5 

5.635 

333.0 

5.653 

333.  5 

5.671 

334.0 

5.689 

334.  5 

5.  707 

335.0 

5.725 

335.  5 

5.743 

336.0 

5.  762 

336.  5 

5.780 

337.0 

5.798 

337.  5 

5.817 

338.0 

5.835 

338.  5 

5.853 

339.0 

5.872 

339.5 

5.890 

Vc 

(Knots) 


0.0 
0.5 
1.0 

1.5 
2.0 

2.5 
343.  0 

343.5 
344.0 

344.5 


5.0 
5.5 
6.0 

346.5 
347.0 

347.5 
348.0 

348.5 
349.0 

349.5 


350.0 

350.5 
351.0 

351.5 
352.0 

352.5 
353.0 

353.  5 
354.0 

354.  5 


355.0 
355.  5 
356.0 
356.5 
357.0 

357.  5 
358.0 

358.  5 
359.0 

359.  5 


q<=  , 
iLSi) 


5.909 
5.927 
5.946 
5.964 
5.983 
6,002 
6.020 
6.  039 
6.  058 
6.077 


6.095 
6. 114 
6. 133 
6.152 
6.171 
6.190 
6.209 
6.228 
6.247 
6.267 


6.286 
6.305 
6.  324 
6.344 
6.  363 
6.  382 
6.402 
6.421 
6.440 
6.460 


6.479 
6.499 
6.519 
6.  538 
6.  558 
6.  578 
6.  597 
6.  617 
6.  637 
6.  657 


360.0 

360.5 
361.0 

361.5 
362.0 

362.  5 
363.0 

363.  5 
364.0 

364.5 


365.0 
365.  5 
366.0 

366.5 
367.0 

367.5 
368.0 
368.  5 
369.0 

369.5 


0.0 
0.5 
1.0 

1.5 

2.  0 

2.5 
3.0 

373.5 
374.0 
374.  5 


376.5 
377.0 

377.5 
378.0 

378.5 
379.0 

379.5 


6.938 

6.959 

6.979 

7.000 

7.020 

7.041 

7.061 


.082 
.102 
.123 
.  144 
.165 
.185 
.  206 
.  227 
7.  248 
7.269 


.290 
.311 
.  332 
.  353 
7.  374 
7.395 
7.416 
7.437 
7.459 
7.480 


B 

BH 

380.  0 

7.  501 

380.  5 

7.  523 

381. 0 

7.  544 

381.  5 

7.  566 

382.  0 

7.  587 

382.  5 

7.  608 

383.0 

7.  630 

383.  5 

7.652 

384.  0 

7.  673 

384.  5 

7.695 

385.  0 

7.  717 

385.  5 

7.  739 

386.0 

7.  760 

386.  5 

7.  782 

387.  0 

7.804 

387.5 

7.  826 

388.0 

7.  848 

388.  5 

7.869 

389.0 

7.891 

389.  5 

7.913 

390.0 

7.936 

390.5 

7.958 

391.0 

7.980 

391. 5 

8.002 

392.  0 

8.  024 

392.  5 

8.  046 

393.  0 

8.  069 

393.  5 

8.  091 

394.  0 

8.  113 

394.5 

8.  136 

395.0 

8.  158 

395.  5 

8.  181 

396.  0 

8.  203 

396.  5 

8.  226 

397.  0 

8.  248 

397.  5 

8.  271 

398.0 

8.  294 

398.  5 

8.  316 

399.  0 

8.  339 

399.  5 

8.  362 

Vc 

Knots) 

9c 

("  Hg) 

Vc  N 
Knots) 

mi 

400.0 

8.385 

420.0 

9.  330 

400.  5 

8.408 

420.5 

9.354 

401.0 

8.431 

421. 0 

9.  378 

401.5 

8.453 

421.5 

9.403 

402.0 

8.476 

422.0 

9.427 

402.5 

8.499 

422.  5 

9.452 

403.  0 

8.523 

423.0 

9.477 

403.5 

8.  546 

423.  5 

9.501 

404.0 

8.  569 

424.0 

9.  526 

404.  5 

8.592 

424.  5 

9.  551 

405.0 

8.  615 

425.  0 

9.  576 

405.5 

8.  638 

425.  5 

9.  600 

406.0 

8.  662 

426.  0 

9.625 

406.5 

8.685 

426.5 

9.  650 

407.0 

8.708 

427.  0 

9.675 

407.5 

8.732 

427.5 

9.  700 

408.0 

8.755 

428.  0 

9.725 

408.5 

8.779 

428.  5 

9.750 

409.0 

8.  802 

429.0 

9.  775 

409.5 

8.826 

429.  5 

9.  800 

410.0 

8.849 

430.  0 

9.826 

410.5 

8.873 

430.  5 

9.  851 

411.0 

8.  897 

431.0 

9.  876 

411.5 

8.920 

431.5 

9.901 

412.0 

8.944 

432.0 

9.927 

412.5 

8.968 

432.  5 

9.952 

413.0 

8.992 

433.0 

9.978 

413.5 

9.016 

433.  5 

10.00 

414.0 

9.  040 

434.  0 

10.  03 

414.  5 

9.063 

434.  5 

10.  05 

415.0 

9.  087 

435.  0 

10.  08 

415.5 

9.  112 

435.  5 

10.  11 

416.0 

9.136 

436.0 

10.  13 

416.5 

9.  160 

436.  5 

10.  16 

417.0 

9.  184 

437.  0 

10.  18 

417.  5 

9.  208 

437.  5 

10.  21 

418.  0 

9.232 

438.0 

10,  23 

418.  5 

9.257 

438.  5 

10.  26 

419.0 

9.  281 

439.0 

10.  29 

419.5 

9.  305 

j 

439.  5 

10.  31 

mm 

mmmi 

■Bp 

vam 

liw 

Knot  s) 

mm\ 

440.0 

10.  34 

460.  0 

11.41 

440.  5 

10.  36 

460.  5 

11.44 

441. 0 

10.  39 

461. 0 

11.47 

441.5 

10.42 

461.5 

11.50 

442.  0 

10.44 

462.0 

11.52 

442.  5 

10.47 

462.  5 

1.1.55 

443.  0 

10.  50 

463.0 

11.58 

443.  5 

10.  52 

463.  5 

11.61 

444.  0 

10.  55 

464.0 

11.64 

444.  5 

10.  57 

464.  5 

1.1.66 

445.  0 

10.  60 

465.  0 

11.69 

445.  5 

10.  63 

465.  5 

11.72 

446.  0 

10.  65 

466.  0 

11.75 

446.  5 

10.  68 

466.  5 

11.78 

447.  0 

10.71 

467.  0 

11.81 

447.  5 

10.  73 

467.  5 

11.83 

448.0 

10.  76 

468.0 

11.86 

448.  5 

10.  79 

468.  5 

11.89 

449.  0 

10.  81 

469.  0 

11.92 

449.  5 

10.  84 

469.  5 

11.95 

450.  0 

10.  87 

470.  0 

11.98 

450.  5 

10.  90 

470.  5 

12.01 

451, 0 

10.  92 

471. 0 

12.03 

451. 5 

10.  95 

471. 5 

12.  07 

452.  0 

10.98 

472.  0 

12,09 

452,  5 

11. 00 

472.  5 

12.  12 

453.  0 

11 . 03 

473.  0 

12.  15 

453.  5 

11 . 06 

473.  5 

12.  18 

454.  0 

11. 08 

474.0 

12.21 

454.  5 

11.11 

474.  5 

12.24 

455.  0 

11.  14 

475.  0 

12.27 

455.  5 

11.17 

475.  5 

12.29 

456.  0 

11.19 

476.  0 

12.32 

456.  5 

11 . 22 

476.  5 

12.35 

457.  0 

11.  25 

477.  0 

12.  38 

457. 5 

11. 28 

477.  5 

12.41 

458.  0 

11 .  30 

478.  0 

12.44 

458.  5 

11.  33 

478.  5 

12.47 

459.0 

11.  36 

479.  0 

12.50 

459.  5 

11.  39 

479.  5 

12.  53 

TABLE  9.6 


328 


Vc 

9c 

(Knots) 

("  Hg) 

480.  0 
480.  5 

■EXE 

lUui 

481. 0 

12.  62 

481.5 

12.  65 

482.  0 

12.68 

482.  5 

12.71 

483.  0 

12.74 

483.  5 

12.77 

484.  0 

12.80 

484.  5 

12.83 

BSl 

12.86 

Bii 

12.89 

486.  0 

12.92 

486.5 

12.95 

487.0 

12.98 

487.  5 

13.01 

488.  0 

13.04 

488.  5 

13.07 

489.0 

13. 10 

489.  5 

13.  13 

90.0 

90.5 
91.0 

91.5 
92.0 

92.5 
93.0 

93.5 
94.0 
94.  5 


95.  0 

95.  5 

96.  0 

496.  5 

497.  0 
97.5 


3.  16 
3.19 
3.  22 
3.  25 
13.  28 
13.31 
13.  34 
13.  37 
13.40 
13.43 


3.46 
3.49 
3.53 
3.  56 
13.  59 
13.  62 
13.  65 
13.  68 
13.71 
1  3.  74 


Vc 

(Knots ) 

9c 

("  Hg) 

500.  5 

gjggP  B 

501. 0 

501. 5 

13.  87 

502.  0 

13.90 

502.  5 

13.93 

503.  0 

13.96 

503.  5 

14.00 

504.  0 

14.03 

504.  5 

14.06 

505.  0 

14.10 

505.  5 

14.12 

506.  0 

14.16 

506.  5 

14.19 

507.  0 

14.22 

507.  5 

14.25 

503.0 

14.  28 

508.  5 

14.  32 

509.0 

14.35 

509.  5 

14.38 

510.0 

14.41 

510.  5 

14.44 

511. 0 

14.48 

511.  5 

14.  51 

512.  0 

14.  54 

512.  5 

14.  57 

513.0 

14.61 

513.  5 

14.64 

514.  0 

14.  67 

514.  5 

14.70 

515.  0 

14.74 

515.  5 

14.77 

516.0 

14.  80 

516.  5 

14.84 

517.0 

14.87 

517.  5 

14.  90 

518.  0 

14.94 

518.  5 

14.97 

519,0 

15.  00 

519.  5 

15,04 

520.  0 

520.5 
521. 0 

521.5 
522.  0 

522.  5 

523.  0 

523.  5 
524.0 

524.  5 


525.0 

525.  5 

526.  0 

526.  5 

527.  0 

527.5 

528.  0 
528.  5 
529-0 

529.5 


530.0 
530.  5 
531.0 
531.5 
532.  0 

532.  5 
533.0 

533.  5 
534.0 

534.  5 


535.  0 

535.  5 

536.  0 


536.  5 

537.  0 

537.  5 

538.  0 

538.  5 

539.  0 
539.  5 


("  Hg) 


5.0 
5.  1 
5.  1 
5.  1 
5.  2 
5.  2 


15.  27 
15.  30 
15.  34 
15.  37 


5.40 
5.44 
5.47 
5.  51 
5.  54 
5.  57 
5.  61 
5.  64 
5.68 
5.71 


5.74 
5.  78 
5.  81 
5.  85 

15.  88 
15.92 
15.95 
15.99 

16.  02 
16.  06 


6.0 
6.  1 
6.  1 
6.  1 
6.  2 
6.  2 


16.  30 
16.  33 
16.  37 
16.  41 


("  H 


0.0 
0.5 
1.0 
1.5 
2.0 
i  542.  5 


545.  0 

545.  5 

546.  0 

546.  5 
547.0 

547.  5 
548.0 

548.  5 
549.0 
549.5 


550.  0 
550.  5 
551. 0 
551. 5 
552.0 

552.  5 

553.  0 

553.  5 

554.  0 
554.  5 


555.  0 

555.  5 

556.  0 

556.  5 

557.  0 

557.  5 

558.  0 

558.  5 
559.0 

559.  5 


BH 

44 

48 

III 

51 

Hi 

55 

16. 

58 

16. 

62 

16. 

65 

16. 

69 

16. 

73 

16. 

76 

16.90 
16.94 
16.98 
17.01 
17.  05 
17.09 
17. 12 


17.30 
17.34 
17.  38 
17.41 
17.45 
17.49 


17.  52 
17.  56 
17.  60 
17.64 
17.  67 
17.  71 
17.75 
17.  78 
17.  82 
17.86 


TABLE  9.6 


vc  qc 

Knots)  ("  Hg) 


vc  % 
(Knot  8) 


560.0 
560.  5 
561.0 

561.5 
562.  0 

562.  5 
563.0 

563.  5 
564.0 

564.5 


576.5 
577.0 

577.  5 

578.  0 
578.  5 
579.0 

579.5 


18. 

73 

18. 

77 

18. 

81 

18. 

85 

18. 

89 

18. 

93 

18. 

97 

19. 

01 

580.0 

580.5 
581.0 

581.5 
582.0 

582.5 
583.0 

583.5 
584.0 
584.  5 


585.0 
585.  5 
586.0 

586.5 
587.  0 

587.  5 
588.0 

588.  5 
589.0 

589.5 


590.0 
590.  5 
591. 0 

591. 5 
592.0 
592.  5 
593.0 

593.5 
594.  0 
594.  5 


595.  0 
595.5 
596.0 

596.  5 

597.  0 

597.  5 

598.  0 

598.  5 
599.0 

599.  5 


20.  25 
20.  29 
20.  33 
20.  37 
20.41 
20.45 
20.49 
20.  53 
20.  57 
20.  62 


20. 

66 

20. 

70 

20. 

74 

20. 

78 

20. 

82 

20. 

86 

20. 

91 

20. 

95 

20. 

99 

21. 

03 

603.0 

603.  5 
604.0 

604.  5 


22.  10 


22, 

36 

41 

22. 

45 

22. 

49 

22. 

54 

58 

22. 

63 

22. 

67 

22. 

71 

22. 

76 

620.  0 
620.  5 
621 . 0 

621.5 
622.0 

622.5 
623.0 

623.  5 
624.0 

624.  5 


630.  0 

630.  5 
631.0 

631.  5 
632.0 

632.  5 

633.  0 

633.  5 
634.0 

634.  5 


22.80 
22.85 
22.89 
22.94 
22.98 
23.03 
23.07 
23. 12 
23. 16 
23.21 


625.  0 

23.25 

625.  5 

23.30 

626.  0 

23.34 

626.  5 

23.39 

627.0 

23.43 

627.  5 

23.48 

628.0 

23.52 

628.5 

23.57 

629.0 

23.61 

629.  5 

23.66 

23.71 

23.75 

23.80 

23.84 

23.89 

23.94 

23. 9t 

24.03 

24.07 

24.  12 


635.  0 

24. 17 

635.  5 

24.  21 

636.  0 

24.26 

636.  5 

24.31 

637.  0 

24.  35 

637.  5 

24.40 

638.0 

24.45 

638.  5 

24.49 

639.0 

24.54 

639.5 

24.59 

Vc 

Knots) 


5.0 
5.5 
6.0 

646.  5 
647.0 

647.  5 
648.0 

648.5 
649.0 

649.5 


650.0 

650.5 

651.0 

651.  5 
652.0 

652.  5 
653.0 

653.  5 

654.  0 
654.  5 


655.0 

655.5 
656.0 

656.5 
657.0 

657.  5 

658.  0 

658.  5 
659.0 

659.  5 


'*c 


24.63 

24.68 

24.73 

24.78 

24.82 

24.87 

24.92 

24.97 

25.01 

25.06 


25.11 

25.16 

25.20 

25.25 

25.30 

25.35 

25.40 

25.44 

25.49 

25.54 


25.59 

25.64 

25.69 

25.73 

25.78 

25.83 

25.88 

25.93 

25.98 

26.03 


26.08 

26.12 

26.17 

26.22 

26.27 

26.32 

26.37 

26.42 

26.47 

26,52 


Vc 

Knots ) 


660.0 

660.5 
661.0 

661.5 
662.0 

662.5 
663.0 

663.5 


664.0 

664.5 


665.  0 

665.5 

666.  0 

666.  5 
667.0 

667.  5 

668.0 

668.5 
669.0 
669.  5 


pgggi 


5.0 
5.5 
6.0 
676.  5 
677.0 

677.5 
678.  0 

678.5 
679.0 

679.5 


26, 

.57 

26, 

.62 

26, 

.67 

26, 

,  72 

26, 

.77 

26, 

.82 

26, 

.87 

26, 

,92 

26. 

.97 

27, 

■  02 

27. 

.07 

27. 

,  12 

27. 

,  17 

27. 

,  22 

27. 

,27 

27. 

,32 

27, 

,37 

27. 

,43 

27. 

,48 

27. 

,53 

27. 

58 

27. 

,63 

27. 

,68 

27. 

,73 

27. 

78 

27. 

83 

27. 

89 

27. 

94 

27. 

99 

28. 

04 

28. 

09 

28. 

14 

28. 

20 

28. 

25 

28. 

30 

28. 

35 

28. 

40 

28. 

46 

28. 

51 

28. 

56 

Vc 

Knots) 


680.0 

680.5 
681.0 

681.5 
682.0 

682.5 
683.0 
683.  5 
684.0 

684.5 


685.0 
685.  5 
686.0 

686.5 
687.0 

687.5 
688.0 
688.  5 
689,0 

689.5 


690.0 

690.5 
691.0 

691.5 
692.0 

692.5 
693.0 

693.5 
694.0 

694.5 


695.0 

695.5 
696.0 

696.5 
697.0 

697.5 

698.0 

698.5 
699.0 

699.5 


9c 

(Life) 


28.  61 
28.  67 
28.  72 
28.  77 
28.  82 
28.  88 

28.  93 
28.98 

29.  04 
29.  09 


29.  14 
29.  19 
29,  25 
29.  30 
29.35 
29.41 
29.46 
29.51 
29.57 
29.  62 


29.68 
29.  73 
29.  78 
29.84 
29.89 
29.95 
3 
3 
3 
3 


3 
3 

30.  33 
30.  38 
30.43 
30.49 
30.  54 
30.  60 
30.  65 
30.  71 


Vc 

(Knots) 


700.0 
700.  5 
701.0 
701.5 
702.  0 

702.  5 

703.  0 

703,  5 

704.  0 
704.  5 


5.  0 
5.  5 
6.0 

706.  5 

707.  0 
70  7.  5 

708.  0 
708.  5 
709.0 
709.5 


0.  0 
0.  5 
1.0 
711.5 
712.0 

712.  5 
713.0 

713.  5 
714.0 

714.  5 


71 

6. 

5 

71 

7. 

0 

71 

7, 

5 

71 

8. 

0 

71 

8. 

5 

71 

9. 

0 

71 

9. 

5 

3 
3 
3 

30.93 

30.98 

31.04 

31.09 

31.15 

31.20 

31.26 


3 
3 

31.43 

31.48 

31.54 

31.59 

31.65 

31.71 

31.76 

31.82 


31.88 

31.93 

31.99 

32.04 

32.10 

32.16 

32.21 

32.27 

32.33 

32.38 


32.67 

32,73 

32.78 

32.84 

32.90 

32.95 


Vc 

Qc 

(Knots) 

("  Hg) 

720.0 

33.01 

720.  5 

33.07 

721.0 

33.13 

721.5 

33.19 

722.0 

33.24 

722.  5 

33.30 

723.0 

33.36 

723.  5 

33.42 

724.  0 

33.47 

724.  5 

33.53 

725.  0 

33.59 

725.  5 

33.65 

726.  0 

33.71 

726.  5 

33.76 

727.  0 

33.82 

727.  5 

33.88 

728.  0 

33.94 

I  728.  5 

34.00 

1  729.0 

34.06 

729.  5 

34.11 

730.0 

34.17 

730.  5 

34.23 

I  731. 0 

34.29 

731. 5 

34.35 

732.  0 

34.41 

732.  5 

34.47 

733.  0 

34.53 

733.  5 

34.59 

734.0 

34.64 

734.  5 

34.70 

735.  0 

34.76 

735.  5 

34.82 

736.  0 

34.88 

736.  5 

34.94 

737.  0 

35.00 

737.  5 

35.06 

738.  0 

35.12 

738.  5 

35.18 

739.  0 

35.24 

1  739. 5 

35. 30 | 

vc  ] 

9c 

Knots) 

("  Hg) 

740.0 

35.  36 

740.5 

35.42 

741.0 

35.48 

741. 5 

35.54 

742.  0 

35.60 

742.  5 

35.66 

743.  0 

35.72 

743.  5 

35.78 

744.0 

35.84 

744.  5 

35.90 

745.0 

35.96 

745.  5 

36.02 

746.0 

36.08 

746.5 

36. 14 

747.0 

36.  20 

747.5 

36.26 

748.0 

36.32 

748.  5 

36.38 

749.0 

36.44 

749.  5 

36.50 

750.0 

36.56 

750.  5 

36.63 

751.0 

36.69 

751.5 

36.75 

752.0 

36.81 

752.  5 

36.87 

753.  0 

36.93 

753.5 

36.99 

754.0 

37.05 

754.  5 

37. 12 

755.0 

37. 18 

755.  5 

37.  24 

756.0 

37. 30 

756.  5 

37.  36 

757.  0 

37,42 

757.  5 

37.49 

758.0 

37.55 

758.  5 

37.61 

759.0 

37.67 

759.5 

37.73 

—  I  " 

Knots)  j  (*  Hg) 

760.0  37.80 

760.5  37.86 

761.0  37.92 

761.5  37.98 

762.0  38.04 

762.5  38.11 

763.0  38.  17 

763.5  38.  23 

764.0  38.29 

764.  5  38.  36 

765.0  38. 42 

765.5  38.48 

766.0  38.  54 

766.5  38.61 

767.0  38.67 

767.5  38.  73 

768.0  38.80 

768.5  38.86 

769.0  38.92 

769.5  38,98 

770.0  39.05 

770.5  39.  11 

771.0  39.  17 

771.5  39.24 

772.  0  39.  30 

772.  5  39.  36 

773.0  39.43 

773.  5  39.49 

774.0  39.  55 

774.5  39.62 

mTo  39. 68 

775.5  39.  75 

776.0  39.81 

776.5  39.  87 

777.0  39.  94 

777.  5  40.  00 

778. 0  40. 07 

|  778.5  40.  13 

779. 0  40.  19 

779.  5  I  40.  26 


vc  qc 

(Knots)  (■  Hg) 


780.0 

TO .  32 

780.5 

40.39 

781.0 

40.45 

781. 5 

40.  52 

782.0 

40.58 

782.5 

40.64 

783.0 

40.71 

783.  5 

40.77 

784.0 

40.84 

784.  5 

40.90 

785.0 

40.97 

785.  5 

41.03 

786.  0 

41.10 

786.  5 

41. 16 

787.0 

41. 23 

787.  5 

41.29 

788.  0 

41. 36 

788.  5 

41.42 

789.0 

41.49 

789.  5 

41.55 

790.  0 

41. 62 

790.  5 

41.68 

791.0 

41.75 

791. 5 

41.81 

792.0 

41.88 

792.  5 

41.95 

793.0 

42.01 

793.  5 

42.08 

794.  0 

42.  14 

794.  5 

42.21 

795.  0 

42.27 

795.5 

42.  34 

796.  0 

42.41 

796.  5 

42.47 

797.  0 

42.  54 

797.  5 

42.60 

798.  0 

42.67 

798.  5 

42.74 

799.  0 

42.80 

799.  5 

42.87 

TABLE  9.6 


332 


Vc 

(Knots) 

9c 

("  Hg) 

880.0 

wzm\ 

880.  5 

Eme 

831.0 

54.  38 

831. 5 

54.45 

832.  0 

54.  53 

882.  5 

54.60 

883.0 

54.68 

883.5 

54.  75 

884.0 

54.83 

884.5 

54.90 

885.0 

885.  5 

886.0 

886.  5 
887.0 

837.5 
8S8.0 
838.  5 
889.0 
889.  5 


54.98 
55.05 
55.  13 
55.  20' 
55.  28 
55.  35 
55.43 
55.  50 
55.  58 

55.66 


890.0 

55.  73 

890.  5 

55.81 

891.0 

55.88 

891.5 

55.96 

892.0 

56.03 

892.5 

56.11 

893.0 

56. 19 

893.5 

56,  26 

894.0 

56.34 

894.  5 

56.41 

895.  0 

56.49 

895.  5 

56.57 

896.0 

56.64 

896.  5 

56.  72 

897.0 

56.79 

897.  5 

56.  87 

898.0 

56.95 

893.  5 

57.02 

899.  0 

57.10 

899.  5 

57.18 

5.0 

5.5 

6.0 

906.5 
907.0 

907.5 
908.0 

908.  5 
909.0 

909.  5 


910.0 

910.5 
911.0 

911.5 
912.0 
912.  5 
913.0 

913.5 
914.0 
914.  5 


9: 

9: 

9 

916.5 
917.0 

917.5 
918.0 

918.5 
919.0 
919.  5 


.25 
.33 

57.41 

57.48 

57.  56 

57.64 

57.71 

57.79 
57.87 
57.95 


58.02 
58.10 
58.18 
58.25 

58.  33 

58.41 

58.49 
58.56 

58.64 

58,72 


58.80 

58.  87 
58.95 
59.03 
59.11 
59-18 

59.  26 
59.34 

59.42 

59.50 


59.  57 

59.65 
59.  73 
-39.81 

59.  89 
59.97 

60.  04 

60.  12 

60.  20 
60.  23 


920.0 
920.  5 
921.0 

921.5 
922.0 
922.  5 
923.0 

923.5 
924.0 

924.5 


925.0 

925.5 

926.0 

926.5 
927.0 

927.5 
928.0 

928.5 
929.0 

929.5 


("  Hg) 


60.36 
60.44 
60.  51 
60.59 

60.67 
60.  75 
60.  83 
60.91 
60.99 
61.07 


6 

6: 

6 

61. 38 
61.46 
61. 54 
61.62 
61,70 
61.78 
61.86 


930,0 

61.94 

930.  5 

62.02 

931.0 

62.  10 

931.5 

62. 18 

932.0 

62.  26 

932.5 

62.  34 

933.0 

62.42 

933.5 

62.  50 

934.0 

62.  58 

934.  5 

62,  66 

935.0 

62,  74 

935.  5 

62.  82 

936.0 

62.90 

936.5 

62.98 

937.0 

63.  06 

937.5 

63.  14 

938,0 

63.  22 

938.5 

63.  30 

939.0 

63.  38 

939.  5 

63.  46 

0.0 
0.5 
1.0 

1.5 
2.0 
2.  5 
943.0 

943.5 
944.0 

944.5 


5.0 

5.5 

6.0 

946.5 
947.0 

947.5 
948.0 

948.5 
949.0 
949.  5 


950.0 
950.  5 
951.0 

951.5 
952.0 

952.5 
953.0 

953.  5 
954.0 

954.  5 


955,0 

955.5 
956.0 

956.5 
957.0 
957.  5 
958.0 

958.5 
959.0 
959.  5 


63.78 

63.86 

63.94 

64.02 

64.10 

64.18 

64.27 


64.35 

64.43 

64.51 

64.59 

64.67 

64.75 

64.83 

64.91 

65,00 

65.08 


65.16 

65.24 

65.32 

65.40 

65.48 

65.57 

65.65 

65.73 

65.81 

65.89 


65,98 
66.  06 
66. 14 
66.  22 
66.  30 
66.39 
66.47 
66.55 
66.63 
66.72 


TABLE 


Vc 

(Knots) 


60.0 
60.  5 
61.0 

61.5 
62.0 

62.5 
63.0 

63.5 
964.0 
964.5 


968.0 

968.5 
969.0 

969.5 


66. 

80 

66. 

88 

66. 

96 

67. 

04 

67. 

13 

67. 

21 

67. 

30 

67. 

38 

67. 

46 

67. 

54 

67. 

62 

67. 

71 

67. 

79 

67. 

87 

67. 

96 

68. 

04 

68. 

12 

68. 

21 

68. 

29 

68. 

37 

970.0 

970.5 


9c 

(1H*2 


68.71 

68.79 

68.87 

68.96 

69.04 

69.12 

69.21 


9C 

C  Hg) 


976,5 

69.54 

977.0 

69.63 

977.5 

69.71 

978.0 

69.80 

978.5 

69.88 

979.0 

69.96 

979.5 

70.05 

85.0 

85.5 

86.0 

986.5 
987.0 

987.5 

988.0 

988.5 
989.0 
989.3 


70. 

39 

70. 

47 

70. 

55 

70. 

64 

70. 

72 

70. 

81 

70. 

89 

70. 

98 

71. 

06 

71. 

15 

71. 

23 

71. 

32 

71. 

40 

71. 

49 

71 

.57 

71. 

.66 

71 

.74 

vc 

(Knots) 


0.0 

0.5 

1.0 

1.5 

2.0 

2.5 
3.0 

3.5 


9C 

ejaii 


72. 

17 

72. 

26 

72. 

34 

72. 

43 

72. 

51 

72. 

60 

72. 

68 

72. 

77 

72. 

86 

72. 

94 

73. 

03 

73.37 
73.46 
73. 04 


TABLE  9.7 


Conversion  Formulae  -  Fahrenheit,  Centigrade  and  Rankine 

Fahrenheit  to  Centigrade 

C  -  1  (F-32) 

9 

Fahrenheit  to  Rankine 

R  «  F  ♦  459*7 

Centigrade  to  Fahrenheit 

F  «|  C  ♦  32 

Centigrade  to  Rankine 

R  -  |  C  ♦  491.7 

Rankine  to  Fahrenheit 

F  -  R  -  459.7 

Rankine  to  Centigrade 

C  -  |  (R-491.7) 
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CENTIGRADE  -  FAHRENHEIT 


CONVERSION  TABLE 


-167.2 
-166.7 
-166.1 
-165.6 
-165.0 
-l6U.it 
-163.9 
-163.3 
-162.8 
-162.2 
-161.7 
-161.1 
-160.6 
-160.0 
-159. a 
-158.9 
-158.3 
-157.8 
-157.2 
-156.7 
-156.1 
-155.6 
-155.0 
-15U.U 
-153.9 
-153.3 
-152.8 
-152.2 
-151.7 
-151.1 
-150.6 
-150.0 
-lltf.li 
-11x8.9 
-11x8.3 
-11x7.8 
-11x7.2 

-11x6.7 

-11x6.1 


-U59.1x 

-1x57.6 

-1x55.8 

-lx51x.o 

-1x52.2 

-1x50.1 

-Ux8.6 

-1x1x6. 8 

-1x1x5* 0 
-1x1x3. 2 
-Ixixl.ix 
-1x39.6 
-1x37.8 
-1x36.0 
-lx3lx.2 

-1x32.  lx 

-1x30.6 

-1x28.8 

-1x27.0 
-1x25.2 
-1x23. lx 

-1x21.6 

-1x19.8 

-1x18.0 

-1x16.2 

-1x1  lx.  lx 

-1x12.0 

-1x10.8 

-1x09.0 


-137.2 
-136.7 
-136.1 
-135.6 
-135.0 
-13ix.il 
-133.9 
-133.3 
-132.8 
-132.2 
-131.7 
-131.1 
-130.6 
-130.0 
-129. lx 
-128.9 
-128.3 
-127.8 
-127.2 
-126.7 
-126.1 


-123.9 
-123.3 
-122.8 
-122.2 
-121.7 
-121.1 
-120.6 
-120.0 
-119. lx 
-118.9 
-118.3 
-117.8 
-117.2 
-116.7 
-116.1 
-115.6 
-115.0 
-nix.  lx 
-113.9 

-U3.3 
-112.8 
-112.2 
-m.7 
-111.1 
-110.6 
-110.0 
-109  .lx 
-108.9 


-218 

-217 

-216 

-215 

-21  lx 
-213 
-212 
-211 
-210 
-209 
-208 
-207 
-206 
-205 
-20  lx 
-203 
-202 
-201 
-200 
-199 
-198 
-197 
-196 
-195 
-19  lx 
-193 
-192 
-191 
-190 
-189 
-188 
-187 
-186 
-185 

-l81x 

-183 

-182 

-181 

-180 

-179 
-178 
-177 
-176 
-175 
-17ix 
-173 
-172 
-171 
-170 
-169 
-168 
-167 
-166 
-165 
-16  lx 


-360. lx 
-358.6 
-356.8 
-355.0 
-353.2 
-35l.il 
-3U9.6 
-31x7.8 
-31x6.0 

-3I1JU.2 
-31x2  .lx 

-31x0.6 

-338.8 

-337.0 

-335.2 

-333.il 

-331.6 

-329.8 

-328.0 

-326.2 

-32lx.lx 

-322.6 

-320.8 

-319.0 

-317.2 

-3l5.il 

-313.6 

-311.8 

-310.0 

-308.2 

-306.U 

-30lx.6 
-302.8 
-301.0 
-299.2 
—297 .U 
-295.6 
-293.8 
-292.0 
-290.2 
-288.1x 
-286.6 
-281x.8 
-283.0 
-281.2 
-279.il 
-277.6 
-275.8 
-27ix.O 
-272.2 
-270, lx 
-268.6 
-266.8 
-265,0 
-263.2 


-106,7 
-106.1 
-105.6 
-105.0 
-lOix.lx 
-103.9 
-103.3 
-102.8 
-102.2 
-101.7 
-101.1 
-100.6 
-100.0 
-99  .lx 
-98.9 
-98.3 
-97.8 
-97.2 
-96.7 
-96*1 
-95.6 
-95.0 
-9li.il 
-93.9 
-93.3 
-92.8 
-92.2 
-91.7 
-91.1 
-90.6 
-90.0 

-89.U 
-88.9 
-88.3 
-87.8 
-87.2 
-86.7 
-86,1 
-85.6 
-85.0 
-eix.ix 
-83.9 
-83.3 
-82,8 
-82,2 
-81.7 
-8l.l 
-80.6 
-80.0 
-79.ix 
-78,9 
-78 


-127 

-126 

-125 

-12ix 

-123 

-122 

-121 


-261.  lx 

-259,6 
-257.8 
-256,0 
-25U.2 
-252, lx 
-250,6 
-21x8,8 

-21x7.0 

-2lx5i2 

-2lx3»lx 

-21x1.6 

-239,8 
-238,0 
-236*2 
-23lx.lx 
-232,6 
-230.8 
-229.0 
-227.2 
-225.ix 
-223.6 
-221.8 
-220.0 
-218.2 
-216.U 
-21U.6 
-212.8 
-2n.o 
-209.2 
-207. lx 
-205.6 
-203.8 
-202.0 
-200.2 
-198. lx 
-196.6 
-19lx.8 
-193.0 
-191.2 
-189. lx 
-187.6 
-185.8 
-l81x.O 
-182.2 
-l80, lx 
-178.6 
-176.8 
-175.0 
-173.2 
-171  .lx 
-169.6 
-167.8 
-166.0 
-16L.2 
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TABLE  9.7 


CENTIGRADE  -  FAHRENHEIT 


CONVERSION  TABLE 


_ l 

-•F 

wlSLmjn 

mm 

•c 

BHH 

pUB 

WDfi. r 

-106 

-162.L 

-4*7.2 

-53 

■-63. 1* 

-16.7 

2 

-107 

-160.6 

-2*6.7 

-52 

-61.6 

-16.1 

3 

■rtKUB 

-106 

-158.8 

1*6.1 

-51 

-59.8 

-15.6 

1* 

39.2 

-105 

-157.0 

-L5.6 

-50 

-58.0 

-15.0 

5 

la.o 

-75.6 

-10ii 

-155.2 

-2*5.0 

-1*9 

-56.2 

-lii.l* 

6 

1*2.8 

^75.0 

-103 

-l53.il 

-i*i*.l* 

-1*8 

-51*.i* 

-13.9 

7 

lilies 

-77.1; 

-102 

-151.6 

-1*3.9 

-1*7 

-52.6 

-13.3 

8 

1*6.1* 

-73.9 

-101 

-11*9*8 

-1*3.3 

-1*6 

-50.8 

-12.8 

9 

1*8.2 

-73.3 

-100 

-11*8.0 

-1*2.8 

-1*5 

-1*9.0 

-12.2 

10 

50.0 

-72.8 

-99 

-1L6.2 

-1*2.2 

-1*1* 

-1*7.2 

-11.7 

11 

51.8 

-72.2 

-98 

-II1I1.I1 

-1*1.7 

-1*3 

-1*5.1* 

-11.1 

12 

53.6 

-71.7 

-97 

-11*2.6 

-1*1.1 

-1*2 

-1*3.6 

-10.6 

13 

55.1* 

-71.1 

-96 

-11*0.8 

-1*0.6 

-1*1.8 

-10.0 

11* 

57.2 

-70.0 

-95 

-139.0 

-1*0.0 

-1*0 

-1*0.0 

-9.1* 

15 

59.0 

-70.0 

-9L 

-137.2 

-39.1* 

-39 

-38.2 

-8.9 

16 

60.8 

-6?.L 

-93 

-135.1* 

-38.9 

-38 

-36.  U- 

-8.3 

17 

62.6 

-68.9 

-92 

-133.6 

-38.3 

-37 

-3L.6 

-7.8 

18 

6U.U 

-68*3 

-91 

-131.8 

-37.8 

-36 

-32.8 

-7.2 

19 

66.2 

-67.8 

-90 

-130.0 

-37.2 

-35 

-31.0 

-6.7 

20 

68.0 

-67.2 

-89 

-128.2 

-36.7 

-31* 

-29.2 

-£•1 

ZL 

69.8 

-66.7 

-88 

-126.1* 

-36.1 

-33 

-27.1* 

-5.6 

22 

71.6 

-66.1 

-87 

-12L.6 

-35.6 

-32 

-25.6 

-5.0 

23 

73.U 

-65.6 

-86 

-122.8 

-35.0 

-31 

-23.8 

-ii.i* 

21* 

Mil 

-65.0 

-85 

-121.0 

-3U«U 

-30 

-22.0 

-3.9 

25 

77.0 

-6L.1; 

-81* 

-119.2 

-33.9 

-29 

-20.2 

-3.3 

26 

78.8 

-63.9 

-83 

-11 7.1* 

-33.3 

-28 

-18.1* 

-2.8 

27 

.80.6 

-63.3 

-82 

-115.6 

-32.8 

-27 

-16.6 

-2.2 

28 

82.U 

-62.8 

-81 

-113.8 

-32.2 

-26 

-1U.8 

-1.7 

29 

8U.2 

-62.2 

-80 

-112.0 

-31.7 

-25 

-13.0 

-1.1 

30 

86.0 

-61.7 

-79 

>110.2 

-31.1 

-21* 

-11.2 

-0.6 

31 

87.8 

-61.1 

-78 

-108.L 

-30.6 

-23 

-9.1* 

0 

32 

89.6 

-60.6 

-77 

-106.6 

-30.0 

-22 

-7.6 

0.6 

33 

91.U 

-60.0 

-76 

-IOI1.8 

-29,1* 

-21 

-5.8 

1.1 

31* 

93.2 

-59.L 

-75 

-103.0 

-28.9 

-20 

-l*.o 

MEM 

35 

95.0 

-58.9 

-?1; 

-101.2 

-28.3 

-19 

-2.2 

36 

96.8 

-58.3 

-73 

-99. 1* 

-27.8 

-18 

-0.1* 

2.8 

37 

98.6 

-57.8 

-72 

-97.6 

-27.2 

-17 

1.1* 

3.3 

38 

100.U 

-57.2 

-71 

-95.3 

-26,7 

-16 

3.2 

3.9 

39 

102.2 

-56.7 

-70 

-91*. 0 

-26.1 

-15 

5.0 

u.u 

1*0 

10U.0 

-561 

-69 

-92.2 

-25.6 

-11* 

6.8 

5.0 

1*1 

105.8 

-55.6 

-68 

-90.il 

-25.0 

-13 

8.6 

5.6 

1*2 

107.6 

-55.0 

-67 

-88,6 

-21*. 1* 

-12 

10.1* 

6a 

U3 

109  J* 

-5U,U 

-66 

—86.8 

-23.9 

-11 

12.2 

6.7 

1*1* 

111.2 

-53*9 

-65 

-85.0 

-23.3 

-1C 

lli.O 

7.2 

1*5 

113.0 

-53.3 

-6L 

-83.2 

-22.8 

-9 

15.8 

7.8 

1*6 

lll*-8 

-52.8 

-63 

-81.1* 

-22.2 

-8 

17.6 

8.3 

1*7 

116.6 

-52.2 

-62 

-79.6 

-21.7 

HU 

19.1* 

8.9 

1*8 

118.U 

-51.7 

-61 

-77.8 

-21.1 

21.2 

9.1; 

1*9 

120.2 

-51-1 

-60 

,-76.0 

-20.6 

23.0 

10.0 

50 

122.0 

-50.6 

-59 

-71*.2 

-20.0 

21**8 

10.6 

51 

123.8 

-50.0 

-58 

-72.1* 

-19.1* 

-3 

26.6 

lia 

52 

125.6 

-1i9oL 

-57 

-70.6 

-18.9 

-2 

28.1* 

11.7 

53 

127.U 

-1i8.9 

-56 

-68.8 

-18.3 

B 

30.2 

12.2 

51* 

129.2 

-1|8.3 

-55 

—6  i  .0 

-17.8 

32.0 

12.8 

55 

131.0 

-1i7.8 

-51* 

-65.2 

-17.2 

Hi 

33.8 

-J3g2- 

■  j*. 

132.8 

T..3LE  9.7  138 


CENTIGRADE  -  FAHRENHEIT 


CONVERSION  TABLE 


163  .4 

165.2 
167.0 
160.8 
170.6 

172.4 

174.2 
176.0 

177.8 

179.6 

181.4 

183.2 
185.0 

186.8 

188.6 
190.U 

192.2 
194.0 

195.8 

197.6 

199.4 
2  CEL  .2 
203.0 

204.8 

206.6 
208.U 

210.2 
212.0 

213.8 
215.6 

217.4 

219.2 

221.0 

222.8 
224.6 

226.4 
226  .2 
230.0 


9 
4 
45*0 

45. 6 

46.1 

4 6.7 

47.2 
2*7.8 
2*8.3 

48.9 
49.4 
50,0 

50.6 

51.1 

51.7 

52.2 

52.8 

53.3 

53.9 

54.4 
55.0 
55  .fa 

56.1 

56.7 

57.2 

57.8 

58.3 

58.9 

59.4 
60.0 
60.6 
61.1 

61.7 
62.2 

62.8 

63.3 

63.9 

64.4 
65.0 

65.6 
66.1 

66.7 

67.2 

67.8 

68.3 

68.9 

69.4 

70.0 

70.6 

71.1 
71.7 

72.2 
72*8 
73.3 


231.8 

233.6 

?35.4 

23 7.2 
239.0 

240.8 

242.6 

244.4 

246.2 
248.0 

249.8 

251.6 

253.4 

255.2 
257.0 

258.8 

260.6 

262.4 

264.2 

266.0 

267.8 

26 9.6 

271.4 

273.2 
275.0 

276.8 

278.6 

280.4 

282.2 

284.0 

285.8 

287.6 

289.4 

291.2 
293.0 
294.0 

296.6 

298.4 

300.2 
302.0 

303.8 

305.6 

307.4 

309.2 
311.0 

312.8 

314.6 

316.4 

318.2 
320.0 
321.8 

323.6 

325.4 

327.2 


73.9 

74.4 

75.0 

75.6 

76.1 

76.7 

77.2 

77.8 

78.3 
7849 

79.4 

80.0 

80.6 
81.1 

81.7 

82.2 

62.8 

83.3 

83.9 

84.4 

85.0 

85.6 
86.1 

86.7 

87.2 

87.8 

88.3 

88.9 

89.4 

90.0 

90.6 

91.1 

91.7 

92.2 

92.8 

93.3 

93.9 

94.4 
95.0 

95.6 

96.1 

96.7 

97.2 
97.0 

98.3 

98.9 

99.4 

100.0 


363.2 
365.0 

366.8 

368.6 

370.4 

372.2 
374.0 

375.8 

377.6 

379.4 

381.2 
383.0 

384.8 

386.6 

388.4 

390.2 
392.0 


397.4 

399.2 
401.0 

402.8 

404.6 
406*4 

408.2 
410, 
411 
413 
415, 
417, 
419, 
420 
422, 
424. 
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TABLE  8.7 


CENTIGRADE  -  FAHRENHEIT 


CONVERSION  TABLE 


Lie _ l 

•F 

273 

523  .L 

E£ 

271* 

525.2 

Haul 

275 

527.0 

135.6 

276 

528.8 

136.1 

277 

530.6 

136.7 

278 

532.1* 

137.2 

279 

53L.2 

137.8 

280 

536.0 

130.3 

281 

537.8 

138.9 

282 

539.6 

139.  1* 

283 

5lil.i* 

11*0.0 

281* 

51*3.2 

11*0.6 

285 

51*5.0 

1LI.1 

286 

51*6.8 

1JA.7 

287 

51*8.6 

11*2.2 

288 

550.1* 

11*2.8 

28  9 

552.2 

11*3.3 

290 

55L.O 

11*3.9 

291 

555.8 

ll*l*.l* 

292 

557.6 

1 1*5.0 

293 

559.1* 

11*5.6 

291* 

561.2 

11*6.1 

295 

563.0 

11*6.  7 

296 

561*.  8 

lli7.2 

297 

566.6 

11*7.8 

298 

568.1* 

11*8.3 

299 

570.2 

11*8.9 

300 

572.0 

11*9.1* 

301 

573.8 

150.0 

302 

575.6 

150.6 

303 

577.1* 

151.1 

301* 

579.2 

151.7 

305 

581.0 

152.2 

306 

582.8 

152.8 

307 

581*. 6 

153.3 

308 

586.1* 

153.9 

309 

583.2 

151*. 1* 

310 

590.0 

155.0 

311 

591.8 

155.6 

312 

593.6 

156.1 

313 

595.1* 

156.7 

311* 

597.2 

157.2 

315 

599.0 

157.8 

316 

600.8 

158.3 

317 

602.6 

158.9 

318 

60l*«U 

159.1* 

319 

606,2 

160.0 

320 

6C8.0 

160.6 

321 

609.8 

161.1 

322 

611.6 

161.7 

323 

613.1* 

162.2 

321* 

615*2 

162.8 

325 

617.0 

163.3 

326 

618.8 

•C 

op 

163.9 

327 

620.6 

161*.  1* 

328 

622.1* 

165.0 

329 

621*. 2 

165.6 

330 

626*0 

166.1 

331 

627.8 

166.7 

332 

629.6 

167.2 

333 

631-1* 

167.8 

33L 

633.2 

168.3 

335 

635.0 

168.9 

336 

636.8 

169.1* 

337 

638.6 

170.0 

338 

61*0.1* 

170.6 

339 

61*2.2 

171.1 

31*0 

61*1*.0 

171.7 

31*1 

61*5.8 

172.2 

31*2 

61*7,6 

172.8 

31*3 

61*9.1* 

173.3 

31*1*. 

651.2 

173.9 

31*5 

653.0 

17L.1* 

31*6 

651**8 

175.0 

31*7 

656.6 

175.6 

31*8 

658.1* 

176.1 

31*9 

660.2 

176.7 

350 

662.0 

177.2 

351 

663.0 

177.8 

352 

665.6 

178.3 

353 

667.1* 

178.9 

351* 

669.2 

179.1* 

355 

671.0 

180.0 

356 

672.8 

180.6 

357 

67l*.6 

181.1 

358 

■676.1* 

181.7 

359 

678.2 

182.2 

360 

680.0 

182.8 

361 

681.8 

183.3 

362 

683.6 

183.9 

363 

685.1* 

l81*.l* 

361* 

687.2 

185.0 

365 

689.O 

185.6 

366 

690.8 

186.1 

367 

692.6 

186.7 

368 

691**1* 

187.2 

369 

696.2 

187.8 

370 

698.0 

188.3 

371 

699.8 

188.9 

372 

701.6 

1 89.1* 

373 

703.1* 

190.0 

371* 

705.2 

190.6 

375 

707.0 

191.1 

376 

708.8 

191.7 

377 

710.8 

192.2 

378 

712  .L 

192.8 

379 

71L.2 

193.3 

380 

716.0 

m 

•F. 

103.9 

219 

hZ6-92 

10l*ol* 

220 

1*28.0 

105.0 

221 

1*29.8 

105.6 

222 

106.1 

223 

1*33.1* 

106.7 

221* 

1*35.2 

107.2 

225 

1*37.0 

107.8 

226 

1*38.8 

108.3 

227 

1*1*0 .6 

108.9 

228 

1*1*2. 1* 

109.1* 

229 

1*1*1*.2 

110.0 

230 

1*1*6 .0 

110,6 

231 

1*1*7. 8 

111.1 

232 

1*1*9 .6 

111.7 

233 

1*51*1* 

112.2 

231* 

1*53.2 

112.8 

235 

1*55.0 

113.3 

236 

1*56.8 

113.9 

237 

1*58.6 

lll*.l* 

238 

1*60.1* 

113.0 

239 

1*62.2 

115.6 

21*0 

1*61*.0 

116.1 

21*1 

1*65.8 

116.7 

21*2 

1*67.6 

117.2 

21*3 

1*69.1* 

117.8 

21*1* 

1*71.2 

118.3 

ro 

vh 

1*73.0 

118.9 

21*6 

1*71*.  8 

119.1* 

21*7 

1*76.6 

120.0 

21*8 

1*78.1* 

120.6 

21*9 

1*80.2 

121.1 

250 

1*82.0 

121.7 

251 

1*83.8 

122.2 

252 

1*85.6 

122.8 

253 

1*87.1* 

123.3 

251* 

1*89.2 

123.9 

255 

1*91.0 

12l*.l* 

256 

1*92.8 

125.0 

257 

l*9l*.6 

125.6 

258 

1*96.1* 

126.1 

259 

1*98.2 

126.7 

260 

500.0 

127.2 

261 

501.8 

127.8 

262 

503.6 

128.3 

263 

505.1* 

120.9 

261* 

507.2 

129.1* 

265 

509.0 

130.0 

266 

510.8 

130.6 

26? 

512.6 

131.1 

268 

5il*.l* 

131.7 

269 

516.2 

132.2 

270 

518.0 

132.8 

271 

519.8 

133.3 

272 

521.6 
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•c 

• 

193.9 

381 

19h*h 

382 

195*0 

383 

195.6 

38h 

196.1 

385 

196.7 

386 

197.2 

387 

197.8 

388 

198.3 

389 

198.9 

390 

199  .h 

391 

200.0 

392 

200.6 

393 

201.1 

39h 

201.7 

395 

202.2 

396 

202.8 

39? 

203.3 

398 

203.9 

399 

20h.h 

hoo 

205.0 

1D1 

205.6 

h02 

206.1 

h03 

206.7 

hoh 

207.2 

h05 

207.8 

h06 

208.3 

h07 

208.9 

h08 

209.h 

h09 

ao.o 

iao 

210.6 

101 

211.1 

102 

211.7 

hl3 

212.2 

lah 

212.8 

105 

213.3 

106 

213.9 

&7 

21h.h 

hl8 

2I5.O 

109 

215.6 

h20 

216.1 

1x21 

216.7 

h2  2 

217.2 

h23 

217.8 

h2h 

218.3 

U25 

218.9 

1x26 

219.h 

h27 

220.0 

1x28 

220.6 

h29 

221.1 

h30 

221.7 

h31 

222.2 

1x32 

222.8 

h33 

223.3 

U3u 

723.2 
725.0 

726.8 

728.6 

730.U 

732.2 
73h.O 

735.8 

737.6 
739 .U 
7  iP-  *2 
7U3.0 
7UU.8 
7h6.6 
768  .h 

750.2 
752.0 

753.8 

755.6 


761.0 

762  i8 

766.6 
766  .h 

768.2 
770.0 

771.8 

773.6 
775.U 

777.2 
779.0 

780.8 

782.6 

78h.ii 

786.2 

788.0 

789.8 

791.6 

793.11 

795.2 
797.0 

798.8 

800.6 

802.11 
80h.2 
806.0 

807.8 

809.6 

811.U 

813.2 


CONVERSION  TABLE 


®C 


23.9  U35 

2h.h  h36 

25.0  U37 

25.6  h38 

26.1  h39 

26.7  UP 

27.2  iihl 

27.8  Ui2 
iili3 
hiiii 

hh6  I 
lih? 

iiii8 

Ui9 
h  50 
U51 
ii52 
U53 
li5ii 
li55 
U56 
U57 
U58 

1159 

1160 

1161 

1162 

1163 

ii61i 

1165 

1166 

1167 

1168 

1169 

1170 

1171 
h72 


223.9 

2211.11 

225.0 

225.6 
226.1 

226.7 

227.2 

227.8 

228.3 

228,5 

229.11 

230.0 

230.6 

231.1 

231.7 

232.2 

232.8 

233.3 

233.9 
23h.li 
235.0 

235.6 

236.1 

236.7 

237.2 

237.8 

238.3 

238.9 
239.h 
2h0.0 

2110.6 
2hi.l 
2hl.7 

21x2.2 

2h2.8 

2h3.3 

2h3.9 

2hh.h 

2h5.0 

2h5.6 

2h6.1 

2U6.7 

2h7.2 

21*7.8 

218.3 
2h8.9 
2h9.h 
250.0 

250.6 

251.1 

251.7 

252.2 

252.8 

253.3 


815.0 

816.8 

818.6 
820 .h 

822.2 

82h.O 

825.8 

827.6 

82  9  «h 

831.2 
833.0 

83h»8 

836.6 

838^1 

860.2 
8h2.0 
8h3.8 
8h5.6 
8h7.h 
8h9.2 
851.0 

852.8 
85h.6 
856.h 

858.2 

860.0 

861.8 

863.6 
865.h 

867.2 
869.0 

870.8 

872.6 
87h.h 

876.2 
878.0 

879.8 

881.6 

883.1* 

885.2 

887.0 

888.8 

890.6 
892. h 
89h.2 
896.0 

897.8 

899.6 

901.ii 

903.2 
905.0 

906.8 

908.6 
910.  h 


•c 

253.9 

•h89 

.912.2 

25h.h 

h90 

91u.0 

255.0 

h91 

915.8 

255.6 

h92 

917.6 

256.1 

h93 

919.  h 

256.7 

h9h 

921.2 

257.2 

h95 

923.0 

257.8 

h96 

926.8 

258.3 

h97 

926.6 

258.9 

h98 

928.ii 

259. h 

699 

930.2 

260.0 

500 

932.0 

260.6 

501 

933.8 

261.1 

502 

935.6 

261.7 

503 

937. h 

262.2 

5oh 

939.2 

262.8 

505 

9hl.O 

263.3 

506 

9h2,8 

263.9 

507 

9hh.6 

26h.h 

508 

9h6.h 

265.0 

509 

9h8.2 

265-6 

510 

950.0 

266.1 

511 

951.8 

266.7 

512 

953.6 

267.2 

513 

955.6 

267.8 

51h 

957.2 

268.3 

515 

959.0 

268.9 

516 

960.8 

269.h 

517 

962.6 

270.0 

518 

96h.h 

270.6 

519 

966.2 

271.1 

520 

968.0 

271.7 

521 

969.8 

272.2 

522 

971.6 

272.8 

523 

973.  h 

273.3 

52h 

975.2 

273.9 

525 

977.0 

27h.h 

526 

978.8 

275.0 

527 

980.6 

275.6 

528 

982.6 

276.1 

529 

98h.2 

276.7 

530 

986.0 

277.2 

531 

987.8 

277.8 

532 

989.6 

278.3 

533 

991.6 

278.9 

53U 

993.2 

279.ii 

535 

995.0 

280.0 

536 

996.8 

280.6 

537 

998.6 

281.1 

538 

1000. h 

281.7 

539 

1002.2 

282.2  ' 

5hO 

1006. 0 

282.8 

5hl 

1005.8 

283.3 

5h2 

1007.6 

341 
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283.9 

5U3 

26U.U 

285.0 

5UU 

5U5 

,285.6 

51*6 

286.1 

5U7 

286.7 

5ue 

287.2 

*»U9 

28?.8 

550 

,  288.3 

551 

288.9 

552 

289.U 

553 

290.0 

55U 

290.6 

555 

.291.1 

556 

291.7 

557 

292.2 

558 

292.8 

559 

293.3 

560 

293.9 

561 

29U.U 

562 

295.0 

563 

295.6 

5oU 

296.1 

565 

296.7 

566 

297.2 

567 

297.8 

566 

298.3 

5t>9 

298.9 

570 

299  .U 

571 

30Q.0 

572 

300.6 

573 

301.1 

57U 

301.7 

575 

302.2 

576 

302.8 

577 

303.3 

578 

303.9 

579 

30U.U 

580 

305.0 

581 

305.6 

582 

306.1 

5  83 

306.7 

58U 

307.2 

585 

307.8 

586 

308.3 

587 

308.9 

588 

309.U 

589 

310.0 

590 

310.6 

591 

311.1 

592 

311.7 

593 

312.2 

59U 

312.8 

595 

313.3 

596 

10121.8 
1016.6 
1018.1 
1020.2 
1022.0 
1023.8 
102*5/6 
1027. L 
1029.2 
1031.0 
1032.8 
103U.6 
IO36.U 
1038.2 
iouo.o 
ioui.8 
10U3.6 
10u5.l1 

10U7.2 

10U9.0 

1050.8 

1052.6 


1070.6 
1072  *U 
107U.2 
1076.0 

1077.8 

1079.6 

1081.U 

1083.2 

1085.0 

1086.8 

1088.6 
1090.U 
1092.2 
109U.0 
1095.8 
1097.6 
1099 .U 
1101.2 
1103.0 
110U.8 


316.7 

317.2 

317.8 

318.3 

318.9 
319. U 
320.0 
320.6 

321.1 

321.7 

322.2 

322.8 

323.3 

323.9 
32U.U 
325.0 

325.6 

326.1 

326.7 

327.2 

327.8 

328.3 

328.9 
329  .U 
330.0 

330.6 
331*1 

331.7 

332.2 

332.8 

333.3 

333.9 
33U.U 
335.0 

335.6 

336.1 

336.7 

337.2 

337.8 

338.3 

338.9 
339  .U 
3U0.0 
3U0.6 


1106.6 
1108.U 
1110.2 
1112.0 
1113.8 
1115.6 
1117.U 
1119.2 
1121.0 
1122.8 
112 U.6 
1126.U 
1128.2 
1130.0 
1131.8 

1133.6 
1135.U 

1137.2 
1139.0 
11U0.8 
11U2.6  J 
llUU.U 
11U6.2 
11U8.0 
11U9.8 

1151.6 
1153.1* 

1155.2 
1157.0 
1158.8 
1160.6 
1162.U 
116U.2 
1166.0 
1167.8 
1169.6 
1171.  U 

1173.2 
1175.0 
1176.8 
1178.6 
1180.U 

1182.2 
118U.0 
1185.8 
1187.6 
1189 .u 
1191.2 
1193.0 
119U.8 
1196.6 
1198.U 
1200.2 
1202,0 


3U5.6 

3U6.1 

3U6.7 

3u7.2 

3U7.8 

3U8.3 

3U8.9 

3U9.U 

350.0 

350.6 

351.1 

351.7 

352.2 

352.8 

353.3 

353.9 
35U.U 
355.0 

355.6 

356.1 

356.7 

357.2 

357.8 

358.3 

358.9 
359.U 
360.0 
360.6 
361.1 

361.7 

362,2 

362.8 

363.3 

363.9 
36U.U 
365.0 

365.6 

366.1 

366.7 

378.2 

367.8 

368.3 

368.9 
369.U 
370.0 

370.6 

371.1 

371.7 

372.2 

372.8 

373.3 


3 

5 

1207. U 

1209.2 
1211.0 
1212.8 
121U.6 
1216. U 

1218.2 
1220.0 
12a.  8 
1223.6 
1225. U 
1227.2 
1229.0 
1230.8 
1232.6 
123U.U 
1236.2 
1238.0 

1239.8 
12U1.6 
12li3.li 
12U5.2 
12U7.0 
12U3.8 
1250.6 
1252.U 
125U.2 
1256.0 

1257.8 

1259.6 
1261. U 
1263.2 
1265.0 

1266.8 

1268.6 
1270.U 
1272.2 
127U.O 

1275.8 

1277.6 
1279.U 
1281.2 
1283.0 
128U.6 

1286.6 
1266.U 

1290.2 
1292.0 

1293.8 
1295.6 
1297. U 

1299.2 
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•c 

•0-  -  - 

-•F  _ 

•C 

373.9 

705 

1301.0 

1*03.3 

758 

1396.1* 

1*32.8 

611 

11*91.8 

37l*.U 

706 

1302.8 

1*03.9 

759 

1398.2 

1*33.3 

812 

11*93.6 

370.0 

707 

130li.6 

l*0i*.l* 

760 

11*00.0 

1*33.9 

813 

11*95.1* 

370.6 

708 

1306.1* 

1*05.0 

761 

11*01.8 

1*3  U.L 

811* 

11*97.2 

376.1 

709 

1308.2 

1*05.6 

762 

11*03.6 

1*35.0 

815 

11*99.0 

376.7 

710 

1310.0 

1*06.1 

763 

11*05.1* 

1*35.6 

816 

1500.8 

377.2 

711 

1311.8 

1*06.7 

761* 

11*07.2 

1*36.1 

817 

1502.6 

377.8 

712 

1*07.2 

765 

11*09.0 

1*36.7 

818 

1501*.!* 

378.3 

713 

EE  Sen 

1*07.8 

766 

11*10.8 

u37.2 

819 

1506.2 

378.9 

1317.2 

1*08.3 

767 

11*12*6 

1*37.8 

820 

1508.0 

379.1* 

1319.0 

1*08.9 

768 

11*1 1*«1* 

1*38.3 

821 

1509.8 

380.0 

1320.8 

1*09.1* 

769 

11*16.2 

1*38.9 

822 

1511.6 

380.6 

1322.6 

1*10.0 

770 

11*18.0 

1*39.1* 

823 

1513.1* 

381.1 

132l*.L* 

1*10.6 

771 

i*l*0.0 

821* 

1515.2 

381.7 

719 

1326.2 

1*11.1 

772 

11*21.6 

l*i*0.6 

825 

1517.0 

382.2 

720 

1328.0 

1*11.7 

773 

11*23.1* 

1*1*1 .1 

826 

1518.8 

382.8 

721 

1329.8 

1*12.2 

771* 

11*25.2 

1*1*1. 7 

827 

1520.6 

383.3 

722 

1331.6 

1*12.8 

775 

11*27.0 

1*1*2. 2 

828 

1522.1* 

383.9 

723 

1333.1* 

1*13.3 

776 

11*28.8 

1*1*2. 8 

S29 

152L.2 

30i*.l* 

721* 

1335.2 

1*13.9 

777 

11*30.6 

1*1*3  *3 

830 

1526.0 

385.0 

725 

1337.0 

i*ll*.l* 

778 

11*32.1* 

1*1*3- 9 

831 

1527.8 

385.6 

726 

1338.8 

1*15.0 

779 

1L3L.2 

1*1*1*.  1* 

832 

1529.6 

306.1 

727 

131*0,6 

1*L5.6 

780 

11*36.0 

1*1*5. 0 

833 

1531.1* 

386.7 

728 

131*2.1* 

1*16.1 

781 

11*37.8 

1*1*5 .6 

831* 

1533.2 

387.2 

729 

131*1*. 2 

1*16.7 

782 

11*39.6 

1*1*6  .1 

835 

1535.0 

387.8 

730 

131*6.0 

1*17.2 

783 

11*1*1.1* 

1*1*6.7 

836 

1536.8 

388.3 

731 

131*7.8 

1*17.8 

781* 

11*1*3.2 

1*1*7  .2 

837 

1538.6 

388.9 

732 

131*9.6 

1*18.3 

785 

11*1*5.0 

1*1*7. 8 

,  838 

151*0.1* 

389.  1* 

733 

1351*1* 

1*18.9 

786 

11*1*6.8 

1*1*8. 3 

839 

151*2.2 

390.0 

731* 

1353.2 

1*19.1* 

787 

11*1*6.6 

1*1*8#9 

81*0 

l5Ll*.o 

390.6 

735 

1355.0 

1*20.0 

788 

11*50.1* 

1*1*9. 1* 

81*1 

151*5.8 

391.1 

736 

1356.8 

1*20.6 

789 

11*52.2 

1*50.0 

81*2 

151*7.6 

391.7 

737 

1358.6 

1*21.1 

790 

ll*51*.o 

1*50.6 

81*3 

15L9.1* 

392.2 

738 

1360.1* 

1*21.7 

791 

11*55.8 

1*51.1 

01*1* 

1551.2 

392.8 

739 

1362.2 

1*22.2 

792 

11*57.6 

1*51.7 

81*5 

1553.0 

393.3 

71*0 

136i*.0 

1*22.8 

793 

11*59.1* 

1*52.2 

81*6 

1551*.  8 

393.9 

710- 

1365.8 

1*23.3 

791* 

11*61.2 

1*52.8 

81*7 

1556.6 

391*.  1* 

71*2 

1367.6 

1*23.9 

795 

11*63.0 

1*53.3 

81*8 

1558.1* 

395.0 

71*3 

1369.1* 

l*2l*.l* 

796 

11*61*. 8 

1*53.9 

81*9 

1560.2 

395.6 

7W* 

1371.2 

1*25.0 

797 

11*66,6 

l*51*.i* 

800 

1562.01 

396.1 

71*5 

1373.0 

1*25.6 

798 

11*68.1* 

1*55.0 

851 

1563.8 

396.7 

71*6 

1371*. 8 

1*26.1 

799 

11*70.2 

1*55.6 

852 

1565.6, 

397.2 

71*7 

1376.6 

1*26.7 

800 

11*72.0 

1*56.1 

§53 

1567.1* 

397.8 

71*8 

1378.1* 

1*27.2 

801 

11*73.8 

1*56.7 

851* 

1569.2 

398.3 

71*9 

1380.2 

1*27.8 

802 

11*75.6 

1*57.2 

855 

1571.0 

398.9 

750 

1382.0 

1*28.3 

803 

11*77.1* 

1*57.8 

856 

1572.8 

399.1* 

751 

1383.8 

1*28,9 

801* 

11*79.2 

1*58.3 

857 

157L.6 

1*00.0 

752 

1385.6 

1*29.1* 

805 

11*81.0 

1*58.9 

858 

1576.1* 

1*00.6 

753 

1387.1* 

1*30.0 

806 

11*82.8 

1*59.1* 

659 

1578.2 

1*01.1 

751* 

1389.2 

1*30.6 

807 

ll*81*.6 

1*60,0 

860 

1580.0 

1*01.7 

755 

1391.0 

1*31*1 

808 

11*86.1* 

1*60.6 

861 

1581.8 

1*02.2 

756 

1392.6 

1*31.7 

80? 

11*88.2 

1*61.1 

862 

1583.6 

1*02.8 

757 

139L.6 

1*32.2 

810 

11*90.0 

1*61.7 

863 

1585.1* 

143 
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1*62.2 
1* 627F 
1*63.3 
1*63.9 
I46I.U 
1*65.0 
1*65.6 
I166.I 
I466.7 
1j67.2 
1*67.8 
1*60.3 
1*60.9 
1i69.1i 
1*70.0 
1*70.6 
1*71.1 
1*71.7 
1*72.2 
1*72.8 
1*73.3 
1*73.9 
l*7l*.l* 
5.0 
9.6 
6.1 
1*76.7 
1*77.2 
1*77.8 
1*78.3 
1*78.9 
1*79. 1* 
1*80.0 
l*8o  .6 
1*81.1 
1*81.7 
1*82.2 
1*82.8 
1*83.3 
1*83.9 
1*81*.  1* 
1*65.0 
1*85.6 
1*86.1 
1*86.7 
1*87.2 
1*87.8 
1*88.3 
1*88.9 
1*89.1* 
1*90.0 
1*90^6 
1*91.1 


1587.2 
1589.0 

1590.8 
1592.6 
159lt.l* 

1596.2 
1598.0 

1599.8 
1601.6 
1603.1* 

1605. 2 
1607.0 

1608.8 
1610.6 
1612.1* 
1611*. 2 
1616.0 
1617.8 
1619.6 
1621.1* 
1623.2 
1625.0 
1626.8 
1628.6 
1630.1* 
1632.2 
1631*. 0 

1635.8 

1637.6 
1639.1* 
161*1.2 
161*3.0 
161*1*.  8 
161*6.6 
161*8.1* 
1650,2 
1652.0 

1653.8 

1655.6 
1657.1* 

1659.2 

1661.0 

1662.8 
1661**6 
1666.1* 

1668.2 
1670.0 

1671.8 

1673.6 
1675.1* 
1677.2 
1679.0 

1660.8 


1*97.2 

1*97.8 

1*98.3 

1*98.9 

1*99.1* 

500.0 

500.6 

501.1 

501.7 
502.2 

502.8 
503.3 
503.9 
50l*.l* 
505.0 

505.6 

506.1 

506.7 

507.2 

507.8 

508.3 

508.9 
509.1* 
510.0 

510.6 

511.1 

511.7 

512.2 

512.8 

513.3 

513.9 
5ll*.l* 
515.0 

515.6 

516.1 

516.7 

517.2 

517.8 

516.3 

518.9 
519.1* 
520.0 
520.6 


1682.6 

l66ii.li 

1686.2 

1688.0 

1689.8 
1691.6 
1693.1* 

1695.2 
1697. 0 
lt>98.8 
1700.6 
1702.1* 
1701*. 2 
1706.0 

1707.8 

1709.6 

1711.1* 

1713.2 

1715.0 

1716.8 

1718.6 
1720.1* 
1722.2 
172U.O 

1725.8 

1727.6 
1729.1* 
1731.2 
1733.0 
173U-8 

1736.6 
1738.1* 
171*0.2 
171*2.0 
171*3.8 
171*5.6 
171*7,1* 
171*9.2 


1756.1* 

1758.2 

1760.0 

1761.8 

1763.6 

1765.1* 

1767.2' 

1769.0 

1770;8 


177U»4 

1776,2 


521.1 

970 

521.7 

971 

522.2 

972 

522.8 

973 

523.3 

971* 

523.9 

975 

521*. U 

976 

525.0 

977 

525.6 

978 

526.1 

979 

526.7 

980 

527.2 

981 

527.8 

982 

528.3 

983 

528.9 

981* 

529.1* 

985 

530.0 

986 

530.6 

987 

531.1 

988 

531.7 

989 

532.2 

990 

532.8 

991 

533.3 

992 

533.9 

993 

53U.2* 

991* 

535.0 

995 

535.6 

996 

536.1 

997 

536.7 

998 

537.2 

999 

537.8 

1000 

538.1* 

1001 

538.9 

1002 

539.5 

1003 

51*0.0 

1001* 

51*0.6 

1005 

51*1.2 

1006 

51*1.7 

1007 

51*2.3 

1008 

51*2.8 

1009 

51*3.1* 

1010 

51*3.9 

1011 

5UU.5 

1012 

51*5.0 

1013 

51*5.6 

1011* 

51*6.2 

1015 

51*6.7 

1016 

51*7.3 

1017 

51*7.8 

1018 

51*8  ,u 

1019 

51*8.9 

1020 

51*9.5 

1021 

550.0 

1022 

1785.2 

1787.0 

1788.8 

1790.6 

1792.1* 

179U.2 

1796.0 


1805.0 

1806.8 

1808.6 

1810.1* 

1812.2 

I8ll*.0 

1815.8 

1817.6 
1819.1* 
1821.2 
1823.0 
182U.8 

1826.6 
1828. U 
1830.2 
1832.0 
1833.8 
1835.6 
1837.1* 
1839.2 


1857.2 
1859.0 
1860,8 
1862.6 
1061*.!* 

1866.2 
1868.0 
1869.8 
1871.6 
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CONVERSION  TABLE 


•F 

- 

— rr~ 

550,6 

1023 

1873.U 

572.3 

1062 

19U3.6 

551*2 

102a 

1875.2 

572.8 

1063 

ms.  a 

551.? 

1025 

1877.0 

573.a 

106a 

19a? .2 

552.3 

1026 

1878.8 

573.9 

1065 

19a9.0 

552.5 

1027 

1880.6 

57a.5 

1066 

1950.8 

553. a 

1028 

1882. a 

575.0 

1067 

1952*6 

553.9 

1029 

l88a.2 

575.6 

1068 

i95a.a 

55U. 5 

1030 

1O86.0 

576.2 

1069 

1956.2 

555.0 

1031 

1867.8 

576.7 

1070 

1958.0 

555.6 

1032 

1889*6 

577.3 

1071 

1959 ,8 

556.2 

1033 

i89i.a 

577.8 

1072 

1961.6 

556.7 

103  a 

1893.2 

5?8.a 

1073 

1963. a 

557.3 

1035 

1895.0 

578.9 

107a 

1965.2 

557.8 

1036 

1896.8 

579.5 

1075 

1967.0 

559.a 

1037 

1898.6 

580.0 

1076 

1968.8 

558.9 

1038 

i9oo.a 

580.6 

1077 

1970.6 

559.5 

1039 

1902.2 

581.2 

1078 

19 72. a 

560.0 

ioao 

190a.0 

581.7 

1079 

197a .2 

560.6 

ioai 

1905.8 

582.3 

1080 

1976.0 

561.2 

10L2 

1907.6 

582.8 

1081 

1977.8 

561.7 

10a  3 

1909.a 

583.a 

1082 

1979.6 

562.3 

loaa 

1911.2 

583.9 

1082 

1981 .a 

562.8 

ioa5 

1913.0 

58a.5 

108a 

1983.2 

563.  a 

10liS 

i9i'a.e 

585.0 

108a 

1985.0 

563.9 

ioa7 

1916.6 

58  5.6 

1086 

1986.8 

56a.  5 

ioa8 

19l8.a 

586.2 

1087 

1988.6 

565.0 

10L9 

1920.2 

586.7 

1088 

1990 .a 

565.6 

1050 

1922.0 

587.3 

1089 

1992.2 

566.2 

1051 

1923.8 

587.8 

109C 

199a.O 

566.7 

1052 

1925.6 

588  .a 

1091 

1995.8 

567.3 

1053 

1927. a 

588.9 

1092 

1997.6 

567.8 

105U 

1929.2 

589.5 

1093 

1999 .a 

568. a 

1055 

1931.0 

590.0 

109a 

2001.2 

568.9 

1056 

1932.8 

590.6 

1095 

2003.0 

569.5 

1057 

193a.6 

591.2 

1096 

200a. 8 

570.0 

1058 

1936.a 

591.7 

1097 

2006.6 

570.6 

1059 

1930.2 

592.3 

1098 

2008.a 

571 .2 

1060 

i9ao.o 

592.8 

1099 

2010.2 

571.7 

1061 

i9ai.e 

593  .a 

1100 

2012.0 

146 
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CHAPTER  TWO 


RECIPROCATING  ENGINE  PERFORMANCE 
SECTION  2.1 

Horsepower  Determination  for  Test  Conditions 

In  aircraft  performance  testing,  engine  performance  is  the  evaluation  of 
the  engine  as  installed  in  the  aircraft.  Since  aircraft  induction  and  exhaust 
systems  affect  operation,  engine  manufacturers  tests  will  not  indicate  the 
exact  installed  performance.  Tests  must  be  run  to  determine  power  available, 
critical  altitude,  fuel  consumption,  and  cooling  data  at  standard  day  operating 
temperatures.  These  values  not  only  determine  overall  airplane  performance 
when  applied  to  the  aerodynamic  characteristics  of  the  airframe,  hut  also  show 
the  quality  of  the  engine  installation  when  compared  to  the  performance  of  the 
isolated  engine. 

Considering  the  propeller  driven  aircraft,  power  is  the  first  characteristic 
to  be  studied.  The  total  useful  power  produced  is  of  primary  interest.  This  is 
the  power  with  which  the  aircraft  manufacturer  can  work.  It  may  all  be  used  to 
drive  the  propeller  or  part  may  be  extracted  to  drive  auxiliary  equipment.  In 
making  guarantees,  the  total  useful  power  is  specified,  and  the  assumption  is 
made  that  the  manufacturer  may  use  it  as  he  wishes.  If  it  is  used  to  run  cooling 
fans,  less  power  will  be  delivered  to  the  propeller,  but  less  cooling  drag  may 
be  achieved;  if  it  is  used  for  cabin  pressurization  or  electric  generators, 
weight  is  saved  by  the  elimination  of  auxiliary  motors.  As  a  result,  in 
performance  testing,  total  power  available  is  considered  to  be  a  more  useful 
criteria  than  the  thrust  power  commonly  used  by  aerodynamicists. 

In  all  propeller  engine  combinations  power  is  best  determined  by  use  of  a 
torquemeter  attached  to  the  shaft  to  measure  useful  torque  output.  The  horse¬ 
power  is  given  by  the  equation; 

BHT^  ■  Torquemeter  reading  x  K  x  N^c 

where ; 

K  ■  a  constant  determined  by  dynamometer  tests 
N^c  *  engine  rpm  corrected  for  instrument  error 
BHPt  »  brake  horsepower  on  the  test  day 

When  torquemeters  are  not  available  power  charts  are  used.  These  charts 
solve  for  brake  horsepower  when  manifold  pressure,  rpm,  carburetor  air  tempera¬ 
ture,  and  pressure  altitude  are  known.  They  are  made  partly  from  dynamometer 
tests  and  partly  from  theory.  They  presume  that  all  additional  factors  effect¬ 
ing  power,  such  as  oil  pressure,  oil  temperature,  and  cylinder  head  temperature, 
remain  constant  or  vary  in  a  predetermined  manner.  They  also  assume  that  the 
fuel-air  mixture  is  exactly  as  specified  and  ignition  is  perfect.  These  assump¬ 
tions  are  not  valid  in  all  installations  or  operations;  so  the  charts  are  not 
oxact.  They  do,  however,  represent  a  reasonable  approximation  in  the  absence 
of  a  better  measuring  system. 
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A  typical  chart  consists  of  three  parts,  a  sea  level  power  graph,  an  alti¬ 
tude  correction  graph,  and  a  chart  carburetor  air  temperature  graph.  To  determine 
the  horsepower  delivered  at  any  given  manifold  pressure,  rpm,  altitude,  and  carbu¬ 
retor  air  temperature  the  following  procedure  is  used  on  a  typical  power  chart  as 
shown  on  Figure  2.11. 

(a)  Find  the  point  corresponding  to  the  given  manifold  pressure  and  rpm  on 
the  altitude  correction  graph,  (Point  A). 

(b)  Find  the  power  vhioh  would  be  delivered  If  the  engine  were  operating  at 
sea  level  with  the  given  rpm  and  M.P.,  (Point  B). 

(c)  Transpose  Point  B  to  the  zero  altitude  axis  of  the  altitude  oarreotion 
graph,  (Point  C). 

(d)  Conneot  Point  A  and  Point  C  by  a  straight  line.  This  line  will  repre¬ 
sent  the  variation  in  power  with  altitude  at  the  given  manifold  pressure,  rpm, 
and  chart  oarburetor  air  temperature . 

(e)  Find  the  horsepower  (Point  D)  at  the  intersection  of  the  given  pressure 
Altitude  axis  and  the  line  AC.  Ibis  horsepower  is  oalled  chart  horsepower;  it  Is 
the  horsepower  vhioh  would  be  delivered  at  the  given  manifold  pressure,  rpm, 
pressure  altitude,  and  chart  carburetor  air  temperature . 

(f)  Correct  chart  horsepower  to  teat  horsepower  by  the  empirioal  equation: 

BHPt  -  BHPC  (  \c  \  n  (2.106) 

V  f ot  / 

whore : 

BHP^  •  test  brake  horsepower 
BHPC  ■  chart  brake  horsepower 

•  chart  oarburetor  air  temperature  for  the  pressure  altitude. 

This  is  generally  the  standard  temperature  for  the  specified 
altitude,  as  the  manufacturer  tests  the  engine  with  no  cowl 
or  ducting. 

Tct  »  test  oarburetor  air  temperature 
n  e  exponent  specified  by  power  curve,  usually  (0.5) 

If  the  exponent  la  ^0.5),  the  chart  horsepower  correction  may  be  given  as  a  1$ 
decrease  for  each  6  C  the  test  carburetor  temperature  exceeds  the  chart  oarbu¬ 
retor  air  temperature  when  the  temperatures  are  near  300*  K.  Manifold  mixture 
temperature  is  often  used  in  place  of  carburetor  air  temperature,  as  it  also  is 
a  measure  of  the  temperature  of  the  charge  entering  the  olinder.  If  this  temper¬ 
ature  is  used  instead  of  carburetor  air  temperature,  the  exponent  may  change  but 
will  still  be  specified  by  the  power  curve.  For  example,  using  Figure  2.11, 
find  the  test  power  of  an  B  2000-11  engine  at  30"  manifold  pressure  2000  rpm,  at 
18,000  feet,  carburetor  air  temperature  -10*0. 
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1 
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Chart  Horsepower 
Carb  Air  chart 
Carb  air  teat 
Toot  horaopowor 


728 
253*K 
263  *K 
728  x 


716 


In  addition  to  determining  power  delivered  under  teat  conditions, 
power  delivered  on  a  standard  day  at  oertain  arbitrary  Bettings  such 
aa  oruiae  power,  maximum  continuous  power,  and  military  power  are  re** 
quired.  To  determine  these  powers,  the  aircraft  la  flown  aa  near  aa 
possible  to  the  desired  setting  on  a  teat  day,  and  the  power  obtained 
la  oorrected  to  the  power  vhioh  would  be  obtained  on  a  standard  day 
at  the  same  pressure  altitude.  Moat  power  corrections  may  be  resolved 
into  three  cases:  if  the  required  setting,  manifold  pressure  and  rpm 
doss  not  require  full  throttle;  if  the  setting  does  require  full 
throttle;  if  the  setting  requires  full  throttle  but  manifold  pressure 
may  be  inoreased  or  decreased  by  a  turbosuper charger. 
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SECTION  2.2 


Power  Correction  for  Temperature  Variation 
at  Constant  Manifold  Preaaure 

This  case  Is  used  for  such  problems  as  determining  the  cruising  power  of 
any  engine  or  the  military  power  of  a  supercharged  engine  at  altitudes  where 
vide  open  throttle  would  exceed  the  manufacturer's  operating  limits.  In  this 
ease  the  assumption  is  made  that,  if  the  airplane  were  flown  on  a  standard 
day#  the  throttle  position  would  b<  slightly  different  from  its  position  on 
a  test  day  but  manifold  pressure  would  be  constant. 


With  manifold  pressure  and  pressure  altitude  the  some  on  the  test  day 
and  the  standard  day,  the  change  in  carburetor  air  temperature  will  be  the 
only  variable  effecting  power,  and  the  correction  can  be  made  by  the  earns 
relation  used  in  obtaining  test  horsepower  from  ohart  horsepower.  Tests 
have  shown  that  carburetor  air  temperature  will  ohange  from  test  day  to 
standard  day  by  exactly  the  same  amount  as  free  air  temperature  changes 
from  test  day  to  standard  day.  Equation  2.201  is  used  in  this  case. 


BHP. 


BHP, 


cer 


(2.201) 


where: 


BHPS  ■  standard  day  brake  horsepower 
To.  ‘  <Tm  -  Tat  ♦  Tot)  standard  day  oarburetor  air  temperature 
Tas  •  standard  ambient  temperature 
Tat  “  test  ambient  temperature 

n  -  exponent  from  power  ohart,  usually  (0.5) 


following  table  is  an  example 

of  test  and  standard 

day  conditions. 

TtStt  DAY 

STANDARD  DAY 

Pressure 

Alt  13,000 

Pressure  Alt  18,000* 

Ta 

-10*C 

T 

-20  C 

HP 

30"Hg 

30"Hg 

rpn 

2000 

rpn 

2000 

CAT 

0*C 

CAT 

-10°C 

BHPt 

703 

BHP  p 

716 

Throttle  partly  open 

Throttle  slightly  retarded 

from  test  day  position 


Another  form  of  equation  2.201  is  sometimes  used. 


A  BHP  (for  A  CAT) 


where: 


(2.202) 


A  BHP  (for  A  CAT)  •  (BHPa  -  HHPt),  brake  horsepower  correction  for 

carburetor  air  temperature  ohange 
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SECTION  2.5 


Power  Correction  for  Monlfoid  Pressure  Variation 
Resulting  from  Temperature  Variation  and 
Flight  Mach  Number  Variation 

This  case  la  used  for  problems  ouoh  as  maximum  power  or  cruising  power 
above  the  critical  altitude  for  the  desired  power  sotting,  Ir.  this  case  the 
throttle  will  be  full  open  m  an  effort  to  obtain  the  desired  manifold  pressure 
and  rpm;  therefore,  if  the  airplane  were  flown  on  a  standard  day  the  throttle 
would  remain  open  and  manifold  pressure  sb  well  aa  carburetor  air  temperature 
would  change  due  to  the  change  in  free  air  temperature.,  The  correction  for  the 
two  effects  may  be  stated  ir  this  form: 

BHPg  •  BHPt  ♦  ABHP  (for  ACAT)  ♦  ABHP  (for  AMP)  (2.301) 

The  firot  correction  tern,  is  obtained  from  the  oarburetor  temperature  relation 
as  used  in  equation  2.202.  The  manifold  pressure  correction  requires  con¬ 
sideration  of  two  effects:  the  change  in  pressure  ratio  of  the  supercharger 
due  to  change  in  inlet  temperature  and  the  change  in  air  inlet  ram  pressure 
ratio  because  of  any  change  in  Mech  number  of  tbo  aircraft  caused  by  power 
change e. 

The  following  table  is  an  example  of  teat  and  standard  day  conditions  for 
the  case  where  a  turbosupercharger  is  not  involved  and  manifold  pressure  and 
Mach  number  vary  from  test  to  standard  day, 

TEST  DAY  STANDARD  DAY 


Test  power  setting  30"  MP 

Pressure 

altitude 

20,0OC 

Pressure 

altitude  20,000 

rpm 

2000 

rpm 

2000 

Ta 

-24°  C 

Ta 

-14#C 

M$ 

27.7  "Hg 

MP 

27  "Hg 

CAT 

-14  6  C 

CAT 

-4°C 

bhp0 

Throttle 

646 

BHPt 

Throttle 

630 

wide  open 

vide  open 

TEMPERATURE  EFFECTS  ON  MANIFOLD  PRESSURE 

The  exact  correction  of  manifold  pressure  for  change  in  free  air  tempera¬ 
ture  would  result  in  work  end  instrumentation  beyond  the  scope  of  flight  test, 
beoauee  of  the  varied  thermodynamic  processes  involvod  in  induction  and  oarbu- 
ration.  An  approximate  method  has  been  devised  and  is  presented  in  Flight  Test 
Lection  Memorandum  Report  TSCEP5E-2T,  6/29/1*5,  "A  Simplified  Manifold  Pressure 
Correction,"  The  basic  equation  used  in  this  method  is: 

MP0  -  (MFt)  (1  ♦  CAT)  (2.302) 
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where : 


MPq  *»  manifold  pressure  standard  "Hg 
(MPt)  «  manifold  pressure  test  "Hg 

At  =  (Ta^  -  Taa)  different  between  teat  day  carburetor  air  tempera¬ 
ture  and  standard  day  carburetor  air  temperature  (Tc^  ~  Tos> 

C  «  a  constant  depending  upon  the  type  process  employed 

The  correction  constant  C  is  dependent  on  the  pressure  ratio  of  the  process, 
the  initial  temperature  of  the  process,  ai^l  whether  fuel  is  vaporized  during 
the  process .  CHARTS  2.31  and  2.32  at  the  end  of  this  ohapter  have  been  made 
freon  equation  2.302  for  the  value  of  C  in  the  normal  working  range.  It  should 
he  noted  that.  If  the  ratio  of  test  manifold  pressure  to  ambient  pressure  is 
less  than  1.3,  this  correction  ie  negligible  for  tenperaturo  variations  of 
5*C  or  lees. 

By  use  of  the  two  graphs,  any  combination  of  induction  processes  for  air 
only  or  a  fuel  ali:  mixture  may  be  evaluated.  Manifold  preeeure  data  reduction 
methods  for  typical  induction  systems  are  lnoluded  at  the  end  of  this  section. 
It  should  be  noticed  that,  once  the  manifold  pressure  corrections  have  been 
established  for  a  typical  engine  installation,  they  can  be  used  for  all  other 
duplicate  installations  by  use  of  a  small  chart  showing  the  corrections  at 
various  altitudes  for  various  manifold  pressure -rpm  combinations. 

MACH  DUMBER  EFFECTS  ON  MANIFOLD  PRESSURE 

The  determination  of  the  standard  day  manifold  pressure  oan  be  obtained 
by  multiplying  the  temperature  corrected  manifold  pressure  by  the  ratio  of 
the  standard  and  test  day  ram  pressure  ratios.  The  average  carburetor  inlet 
has  a  ram  efficiency  of  about  (0.70  to  0.75).  Using  CHART  2.33  at  the  end 
of  this  ohapter,  with  flight  Mach  number  and  ram  efficiency,  the  ratio  Pt/Pa 
may  be  determined.  Obtaining  this  ratio  for  both  test  and  standard  Mach 
number,  and  assuming  the  test  day  pressure  altitude  is  held, 

hills,  hi 

HUK  '  *U  '  MT.lt 

and 

MPe  -  <2*303) 

ptt 


standard  manifold  pressure 

manifold  pressure  corrected  for  temperature  variation 
■taxtfard  total  inlet  pressure  at  standard  flight  Mach  number 
test  total  inlet  pressure  at  test  Maoh  number 


where: 


HP.  . 

MP?.  ■» 
p  At 

ts  “ 

Ptt  " 
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This  correction  must  be  node  by  auooesslve  approximations  because  standard 
ipeed  cannot  be  exactly  determined  from  the  polar  until  power  ie  known.  The 
jorrection  ie  not  normally  made  unless  the  airplane  Maoh  number  is  above  .6  and 
in  overall  change  in  speed  beoauae  of  change  in  power  is  over  3  knots* 

POWER  CORRECTION  FOR  MANIFOLD  PRESSURE  VARIATION 

Having  determined  standard  day  manifold  pressure,  its  effect  on  pover  oust 
be  evaluated.  For  rough  work  the  change  in  power  ie  directly  proportional  to 
the  change  in  manifold  pressure . 

BHPa  -  BHPt  |£a  (2*304) 

or 

ABHP  (for  AMP)  •  £H?t  -  lj  (2.305) 


where: 

MPa  ■  temperature  and  Maoh  number  corrected  manifold  pressure 
M?t  -  test  manifold  pressure 

Better  accuracy  can  he  obtained  by  making  plots  of  vs  MP.  at  various 
altitudes  and  rpna  in  order  to  find  the  rate  of  change  of  power  vlth  MP  es 
shown  in  Figure  2.31.  Vlth  the  slopes  from  such  a  plot  ABHP  may  be  oaloulated. 
(In  the  pressure  altitude  method  of  data  reduction  this  oorreotlon  is  not  re¬ 
quired  —  see  fib ct ion  4,4  —  since  only  test  BSP  is  plotted;  In  this  case 
equation  2.304  may  he  used  to  approximate  standard  day  MP  for  the  standard  day 
BHP  determined  from  the  pressure  altitude  plot.) 

ABHP  (for  AMP)  -  AMPt  x  (2.306) 


With  the  temperature  oorreotions  of  Snot ion  2.2  and  the  standard  manifold 
pressure  an  equation  for  standard  day  power  may  be  written: 

Tot 

'  +  "Vt 


BHP, 


BHP. 


ion  xor  s 

r?i  r 


•>] 


(2.307) 


♦  AMP 


(2.308) 


The  final  standard  day  pover  ourves  are  presented  in  a  form  elAiler  to  that 
shown  In  Figure  2.32. 
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Figure  2.32 

Standard  Day  Engine  Data  (Internal 
Gear  Drive  Supercharger) 


DATA  REDUCTION  OUTLINE  (2.3l) 

For  Correcting  Manifold  Pressure  for  Temperature 
Variation  (Wide  Open  Throttle) 

Example  1 

Normal  installations  where  the  Inlet  temperature  is  measured  before  the  fuel  is 
added  at  the  carburetor  and  before  the  charge  ie  compressed. 

(1 )  Test  point  number 

(2)  Hc,  pressure  altitude 

(3)  Pa,  inlet  (atmospheric)  pressure  corresponding  to  (2) 

(4)  tat>  test  atmospheric  temperature 

(5)  taa,  standard  atmospheric  temperature 

(6)  At,  (4)  -  (5) 

(7)  t0t>  test  carburetor  inlet  temperature 

(8)  MP+,  test, instrument -corrected  manifold  pressure 

(9)  p2/pi>  manifold  pressure  ratio,  (8)  -f  (3) 

ho)  C,  from  CHART  2.32  and  (7)  and  (9) 

ill)  AMP,  manifold  pressure  correction  (10)  x  (8)  x  (6) 

(12)  MPfl,  standard  manifold  pressure,  (8)  ♦  (ll) 

Example  U 

Fuel  injection  engine  or  any  supercharger  where  air  only  is  compressed;  also 
for  fuel  air  mixtures  when  the  inlet  temperature  1b  measured  after  the  fuel 
is  vaporized. 

NOTE:  For  this  oase  the  data  reduction  is  identical  to  that  for  Example  1, 
except  that  (4)ir,  substituted  for  (7)  and  CHART  2.31  ie  used  to 
determine  C. 

Example  III 

For  installations  where  part  of  the  induction  pressure  ris  is  with  air  only, 
and  the  remaining  part  ie  with  a  fuel  air  mixture.  (Turbosuperoharger  instal¬ 
lations  and  auxiliary  blower  installations  when  operating  at  constant  RPM. ) 

(1)  Test  point  number 

(2)  H0,  true  pressure  altitude 

(5)  Pa>  atmospheric  pressure  corresponding  to  (2) 

14)  ta^.,  test  atmospherlo  temperature 

5)  tae,  standard  atmospheric  temperature  corresponding  to  (2) 

6)  At,  (4)  -  (5) 

7)  t0t>  carburetor  air  temperature  before  fuel  is  added 

8)  Pj.,  test  carburetor  deok  preesure 

9)  MPt,  test,  instruirant -corrected  manifold  pressure,  air  only  stage 

(10)  (p2'Pl^a'  carburetor -deok-ambient  pressure  ratio,  (8)  4  (3) 
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(11)  C,  from  CHART  2.31  and  (10)  and  (4) 

(12)  AMPa#  nan 1  fold  pressure  correction  for  air  only  stage  (11)  x  (9)  x  (6) 
Fuel  Air  Stage 


(13) 

(14) 

(15) 

(16) 


(P2/Pi)f,  manifold  pressure  -  deck  pressure  ratio  (9)  4-  (8) 

C,  from  CHART  2.32  and  ( 13 )  and  (7)  r  -| 

AMPf ,  manifold  pressure  correction  for  fuel  air  mixture  1(9)  ♦  (12)|x 
(14)  x  (6) 

MP„,  standard  manifold  pressure  (9)  ♦  (12)  ♦  (15) 
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SECTION  2.4 


Power  Correction  for  Turbosuperoharger  PPM  and  Bock 
Pressure  Variation  at  Constant  Manifold  Prefigure 

This  power  correction  la  used  when  the  throttle  Is  vide  open  but  manifold 
pressure  can  be  varied  by  changing  turboauperobarger  speed.  Ibis  means  that. 
In  going  from  a  test  day  to  a  standard  day,  manifold  pressure  and  rpm  vlll  be 
constant  while  carburetor  air  temperature  and  turbo  rpa  vlll  change  giving  a 
change  in  power.  An  example  of  test  and  standard  day  read lngs  for  such  con¬ 
ditions  is  presented  in  the  following  table: 


TEST  DAY  STANDARD  DAY 


Pressure  Altitude 

20,000 

Pressure  Altitude 

20,000 

T.t 

-l4*C 

T.. 

-24  *C 

M&t 

42  "Hg 

«$e 

42  "Hg 

rpm 

2250 

rpm 

2250 

^ot 

2?  »C 

t«» 

15*C 

test  turbo  rpm 

7200 

etc  turbo  rpm 

7000 

BHP 

2100 

BEP 

2150 

*BPt 

28 

BPS 

27 

The  factors  affecting  power  in  this  oase  are  three:  the  change  in  carbu¬ 
retor  temperature  because  of  o hangs  of  free  air  temperature;  the  ohange  of 
carburetor  air  temperature  beoauee  of  ohange  in  turbo  speed;  and  the  ohange  in 
exhaust  back  pressure..  The  equation  far  standard  horsepower  under  these  con¬ 
ditions  is  i 

BHP,  -  BHPt  ♦  ABHP  (for  AC  AT)  ♦  ABHP  (for  A  IBP)  (2.401) 

where: 

AKBP  -  ohange  in  exhaust  back  pressure  (EBPt  •  EBPa ) 

the  corrections  in  this  equation  are  usually  mads  empirically.  First  the 
assorptions  are  made  that  the  turbo  does  not  ohange  spaed  and  that  a  change  In 
manifold  pressure  would  result  from  inlet  temperature  variation  in  going  from 
a  test  day  to  a  standard  day.  On  this  basis  a  standard  day  manifold  pressure 
Is  computed  ae  described  in  Seowlon  2.5.  This  manifold  pressure  correction  is 
defined  as, 

AMP  •  (MPt  "  MPa)  at  test  turbo  rpm 

This  AMP  represents  the  ohange  in  manifold  pressure  which  most  be  made  by  a 
ohange  in  turbo  rpm.  To  establish  this  ohange  in  turbo  rpm  and  tbs  other  re¬ 
lated  factors,  plots  of  performance  data  are  made  as  shown  in  Figure  2 .41. 
These  owes,  although  not  corrected,  will  show  closely  the  Interrelated 
effect  of  changing  nay  one  of  the  variables.  By  entering  such  a  graph  at  the 
test  turbo  rjm  and  moving  an  amount  equal  to  AMP,  a  Aturbo  rpm  (KBfe-ifflfi) 
a  A  IBP  (XBPg  -  »?i)  and  a  A  CAT  (Tp2  -  T0i)  are  established.  Standard  day 
values  for  turbo  rpm  and  exhaurt  baor  pressure  can  then  be  fixed  by  direct 
reading  on  the  graph  or  by  applying  the  increments  for  the  AMP  values  to  the 
test  valute. 
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The  total  ohange  In  oarburetor  air  temperature  le  the  sum  of  the  change 
because  of  change  In  free  air  temperature  and  ohange  In  turbo  rjm* 


A  CAT  •  Taa  -  Tat  ♦  AT  (for  a turbo  rjm) 


The  power  ohange  because  of  carburetor  air  temperature  variation  Is  the  same  as 
that  dlsoussed  In  Section  2.2.  The  ohange  In  power  because  of  ohange  in  exhaust 
baok  pressure  has  been  empirioally  established  as  1$  increase  In  power  for  eaoh 
2  "Hg  decrease.  With  this  the  standard  day  power  equation  is. 


bhp8 


.005 


(EBPt 


(2.402) 


POWER  SETTING  ERRORS  IN  FLIGHT 


In  addition  to  the  oorrection  of  power  for  temperature  ohange.lt  must 
sometimes  be  corrected  for  errors  caused  by  test  day  manifold  pressure  or  rpn 
not  being  set  according  to  schedule.  This  results  from  instrument  error  or 
human  error  of  the  pilot.  Rpm  errors  must  be  minimi  ted  by  oareful  adjustments 
and  anticipation  of  Instrument  error,  because  correction  for  its  variation  is 
not  practical.  Manifold  pressure  errors  are  more  easily  oorrsoted.  Usually 
the  correction  is  made  at  the  same  time  that  power  la  oorrsoted  for  tempera¬ 
ture.  For  a  case  in  which  throttle  is  wide  open  no  correction  is  required. 
For  a  gear  supercharged  or  unsuper  char  god  engine  at  part  throttle,  correction 
is  made  by  manifold  pressure -power  relationships  as  described  in  Soot  ion  2.3. 
For  a  turbo  supercharged  engine,  correction  is  made  as  part  of  the  tempera¬ 
ture  correction.  For  example i 

Da  sired  MP  60" 

Actual  flown  MP  59" 

Rise  in  MP  to  standard  2" 
day  oaraputed  with  as  - 
s umed  constant  turbo 
speed 

MP  obtained  from  test  6l" 

MP  and  assumed  rise 
Reduction  in  MP  to  be  —  1" 
accomplished  by  re¬ 
ducing  turbo 
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ROTE: 


DATA  REDUCTION  OUTLINE  (2.4l) 

For  Determining  Standard  Turbo  RPM  and  Baok  Pressure 
and  CAT  for  Correcting  RHP  for  Change  In 
Turbo  RIM  and  Baok  Preeeure 

Assumed  AMP  for  A*a»  (tat  "  ta_),  inlet  le  first  determined  vlth 
etepe  of  Example  III  Data  Reduction  Outline  2*31* 


A  HP  aa  Burned  for  Ata 
Indicated  turbo  rpm 

Teat  turbo  rj (18)  ♦  instrument  ocrreotion 
EBP*,  indicated  exhauet  baok  pressure 

XBPt»  test  exhaust  back  pressure  (20)  4  instrument  correction 
BHPtot,  tost  BSP  at  test  carburetor  temperature 
A  tot,  oar  buret  or  temperature  increment  far  assumed  aMP  and  a 
data  plot  similar  to  that  of  Figure  2.4l. 

A  turbo  RPM,  for  assumed  AMP 

A  EBP,  for  assumed  AMP 

Turbo  RIM  (standard  day)  (19)  ♦  (24) 

EBP  (standard  day)  (21)  4  (2?) 

t0_,  standard  day  carburetor  temperature,  (7)  -  (6)  ♦  (23) 

BHP0,  standard  day  BHP,  (22)  x  V(7)  *  (28)  ♦  (22)  x  (2?)  x  (.003) 
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SECTION  2.5 


Crltloal  altitude  lo  that  altitude  where  engine  perforaanoe  begins  to  drop 
beoause  of  the  lowered  atmoepherio  pressure.  It  is  defined  In  two  different 
ways i  (1)  the  altitude  at  vhloh  a  specific  manifold  pressure  oan  no  longer  be 
maintained;  (2)  the  altitude  at  vhlch  a  speolflo  horsepower  oan  no  longer  be 
Maintained.  In  flight  test  the  first  definition  Is  generally  used,  beoause 
when  an  engine  Is  Installed  In  an  alroraft,  the  operating  llmlte  suoh  as 
cruising  power,  maximum  continuous  power,  and  military  power  are  given  In 
terms  of  manifold  pressure  and  rpa  rather  than  horsepower. 

When  a  complete  power  available  surrey  is  made,  orltloal  altitude  oan  be 
selected  from  the  graph  of  manifold  pressure  rs  altitude.  When  only  orltloal 
altitude  Is  desired,  It  oan  be  estimated  by  the  pilot;  then  sereral  full 
throttle  points  ore  flown  definitely  ah ore  orltloal  altitude  and  ore  oarreoted 
to  standard  day  manifold  pressure.  Since  the  drop  In  manifold  pressure  Is 
directly  proportional  to  altitude,  the  point  where  the  line  of  standard  day 
full  throttle  manifold  pressure  Intersects  the  desired  manifold  pressure 
ordinate  Is  the  orltloal  altitude,  as  shown  In  figure  2.51. 

Not  loo  should  be  taken  that  the  orltloal  altitude  of  on  airplane  Is 
dependent  on  speed  beoause  of  the  ram  pressure  effeat.  Critical  altitude  la 
usually  taken  In  level  stabilised  flight,  but  It  Is  sometimes  needed  at 
climbing  speeds. 
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figure  2.51 

Determination  of  Critical  Altitude 
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SECTION  2.6 


Engine  Data  Plotting.  Prop  Load.  BMEP 
Data,  Supercharger  Operation 

Sufficient  power  required  data  must  be  obtained  so  that  power  required 
curves  covering  the  full  speed  range  of  the  airplane  may  be  plotted  for  at 
least  two  altitudes  which  are  considered  the  moat  typical  cruising  altitudes 
for  the  test  alrplano.  Each  power  required  curve  Includes  one  point  at  each 
of  the  rated  power  settings  of  the  engines  such  as  war  emergency,  military, 
normal  rated  and  maximum  cruising  powers.  The  throttles  are  wide  open  if  the 
desired  manifold  pressure  cannot  be  obtained.  Sufficient  points  in  the  cruis¬ 
ing  power  range  are  obtained  (with  the  mixture  In  automatic  lean)  tc  complete 
the  speed  range  with  the  lowest  point  at  approximately  the  best  climbing  speed 
of  the  airplane.  Cruising  power  points  are  obtained  at  rpm  and  manifold 
pressure  combinations  selected  so  that  the  engines  are  operating  between  a  pro¬ 
peller  load  curve  and  the  maximum  allowable  bmap.  At  sane  point  near  the  power 
required  for  maximum  range  cruising,  three  points  are  run  at  the  same  power 
with  one  point  at  the  rpm  which  lies  on  the  propeller  load  ourve,  another  point 
at  the  maximum  allowable  bmep  and  the  third  at  some  Intermediate  rpm. 

Additional  power  required  data  is  obtained  so  that  power  required  ourves 
may  be  dravn  at  various  altitudes;  the  lowest  ie  obtained  at  sea  level  or  the 
minimum  practical  altitude  at  the  time  of  the  test  and  the  highest  is  obtained 
at  the  highest  altitude  reached  In  the  check  climbs.  One  high  speed  part  of  a 
power  required  curve  ie  obtained  at  approximately  each  critical  altitude. 

Other  high  power  points  are  taken  so  that  the  maximum  altitude  lnorement  be¬ 
tween  the  high  speed  power  required  curves  will  not  be  more  than  a  few 
thousand  feet  for  all  tests  above  the  critical  altitude  of  the  airplane. 

The  high  speed  power  required  curves  consist  of  at  least  one  point  at  each  of 
the  rated  power  settings  such  as  war  emergency,  military,  and  normal  rated 
for  the  high  and  low  altitude  power  required  curve  and  for  the  power  ourve 
near  the  critical  altitude.  Other  power  required  curves  may  he  drawn  through 
single  points  using  the  more  complete  curves  on  either  aide  of  it  as  a  guide 
in  determining  the  proper  elope  of  the  curve  drawn  through  the  point. 

At  the  critical  altitude  of  the  airplane,  at  least  four  points  are  run  at 
the  rated  rpm  of  the  engines  with  the  first  point  at  the  rated  manifold 
pressure  and  with  each  succeeding  point  at  about  two  inches  of  mercury  less 
manifold  pressure.  1^  the  elope  of  the  curve  through  these  points  does  not 
fit  In  with  the  other  ourves.  It  Is  an  indication  of  power  curve  inaocuraoy  or 
rapid  change  in  propeller  efficiency.  In  either  case  It  ie  necessary  to  run 
at  least  three  poinTa  at  eaoh  rpm  for  all  of  the  power  calibrations.  From 
those  additional  points,  the  proper  elope  of  the  power  required  ourve  may  he 
obtained  • 

A  plot  of  all  speed  power  data  run  at  or  corrected  to  the  same  take-off 
gross  weight  less  the  vslght  of  fuel  used  to  climb  to  the  test  altitude  la 
plotted  on  one  Power  vo  Speed  chart  as  shown  in  Figure  2.6l.  Eaoh  power  re¬ 
quired  or  partial  power  required  curve  is  clearly  labeled  to  show  the  corres¬ 
ponding  density  altitude  and  gross  weight. 
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TRUE  AIR  SPEED,  Vt  (Knots) 


Figure  2.61 
Power  Reouired  Curves 

All  power  required  data  at  rated  manifold  pressure  or  at  wide  open  throttle 
is  oorreoted  to  give  t.he  power  available  on  a  standard  day  at  the  rated  manifold 
pressure  or  at  vido  open  throttle  so  that  curves  of  BKP  available  and  the 
dorrespoading  manifold  pressure  may  be  plotted  against  altitude  as  shown  in 
Figure  2.62.  Curves  of  Speed  vs  Altitude  for  the  desired  power  ratings  are 
drawn  as  shown  using  points  obtained  from  the  power  required  ourves  in  Figure 
2.6l.  These  points  are  read  at  the  speeds  corresponding  to  the  power  available 
at  the  altitude  of  the  power  required  ourve.  The  speeds  for  best  olimb  and  the 
ceiling  of  the  airplane  will  be  of  aid  in  determining  the  shape  of  the  upper 
part  of  the  speed  curve. 

For  eaoh  gross  weighs  and  altitude  condition,  a  power  required  ourve  is 
obtained  with  the  first  point  at  rated  power  (auto-rich),  the  second  at  maximum 
cruising  (auto  rich  and  auto  lean),  with  the  rest  of  the  points  part  of  a  com¬ 
plete  survey  of  the  cruising  power  range  made  between  the  propeller  load  curve 
and  the  ourve  for  limiting  bmep  as  shown  in  Figure  2,63.  The  higher  cruising 
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powers  are  run  for  both  autojiiatlc  rich  and  automatic  lean  mixture  settings  but 
©Aly  automatic  lean  mixture  setting  need  be  used  for  the  lower  powers.  Select 
four  or  five  rpm  valueo  covering  the  cruising  range.  At  each  rpm,  select  mani¬ 
fold  pleasure  values  varying  from  the  maximum  for  limiting  bmep  to  the  minimum 
corresponding  to  the  power  from  a  propeller  load  curve  or  to  the  minimum  mani¬ 
fold  pressure  at  which  level  flight  can  be  maintained  for  the  given  rpm.  At 
least  three  manifold  pressure  increments  should  be  used  for  each  rpm  and  the 
Increments  should  not  be  greater  than  three  Inches  of  mercury.  , 


The  propeller  load  curve  is  drawn  through  the  rated  power  and  ratod  rpm 
point  and  determined  by  the  following  expression: 

bhp 

fchpj,  (2.501) 

where : 


Hp  «  rated  rpm  (normal) 
bhpp  .  rated  horsepower  (normal) 


The  limiting  cruising  bmep  Is  speolfled  by  the  engine  manufacturer  and  Is 
visually  about  l4o  bmep  for  larger  engines.  The  bmep  Is  determined  from  the 
following  expression  for  any  given  engine  rpm  and  bbp: 


ta*,  .  thfjcJggOOO. _ 

rpm  x  piston  displacement 


(2.502) 


The  minima,  r 3 commended  cruising  rpm  Is  determined  by  speed  limitations  of 
the  engine  or  accessories  and  Is  specified  by  the  engine  manufacturer;  It  will 
usually  be  between  1200  and  1500  rpm.  The  minimum  power  for  level  flight  Is 
determined  In  flight. 

In  all  cruising  operation  the  use  of  any  but  the  lowest  amount  of  super¬ 
charging  should  be  avoided  if  possible.  Airplanes  equipped  with  turboeuper- 
ohargers  should  always  be  flown  with  the  throttle  butterfly  wide  open  when 
using  any  turbo  (except  for  what  throttle  Is  required  for  formation  flying). 
Airplanes  with  gear  driven  supercharger  should  always  be  flown  with  the  super¬ 
chargers  In  low  speed  ratio  up  to  the  altitude  at  which  the  optimum  indicated 
air  speed  may  be  obtained  without  exceeding  the  allowable  rpm  and  manifold 
pressure  for  automatic  lean  mixture. 
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FLIGHT  Dili 


SECTION  2.7 


Fuel  Consumption 

Fuel  consumption  le  beet  measured  as  pounds  per  brake  horsepower  boor, 
epeolfio  fuel  flow.  From  engine  theory  thle  le  dependent  upon  mean  effective 
preseure  in  the  oyllnder.  For  a  simple  engine,  vlth  all  oondltlone  Ideal,  power 
le  a  function  of  mean  effective  preaeure,  volume  of  the  oyllrrfer,  and  rpa  so 
that  for  a  given  engine  epeolfio  fuel  consumption  oould  be  plotted  against  brake 
horeepover  and  rpa,  as  shown  In  Figure  2.71* 


Figure  2.71 

Typical  Speolflo  Fuel  Consumption  Curves 
for  KPM  and  Horsepower 

In  practice  the  specific  fuel  consumption  may  also  vary  with  altitude  because  cf 
oarburetion,  superchargers,  ignition,  and  accessories.  To  run  tests  and  make 
plots  as  In  Figure  2.71  for  many  altitudes  would  be  tedious  and  is  not  required 
for  flight  test*  The  engine  manufacturers  and  government  agencies  will  run  such 
extensive  tests  and  determine  a  power  sohedule  of  mixtures,  manifold  pressures, 
rpn,  and  supercharger  ratios  for  best  engine  operations*  For  flight  test  the 
only  fuel  ooneusptlon  data  generally  required  Is  that  fur  powers  obtained  by 
operation  on  the  normal  schedules  as  shown  In  Figure  2*72*  These  points  are  run 
at  the  same  time  as  speed  power  points  so  that  later  air  miles  per  gallon  and 
range  can  be  ooaputed. 
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Figure  2.72 

Spoolflc  Fuel  Consumption  Data 
at  Two  Mixture  Sittings 

As  part  of  the  general  engine  performance  presentation  a  graph  at  standard 
gallons  per  hour  at  corresponding  settings  vs  altitude  Is  sometimes  required 
from  the  speoiflo  fuel  flow  Information  and  ie  presented  as  shown  In  Figure  2*73* 


Figure  2.73 

Fuel  Consumption  at  Various  Altitudes 
For  Two  Engine  Conditions 
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SECTION  2.8 


Engine  Cooling 

The  hot  strength  of  metals,  and  the  temperature  limits  Imposed  by  lubri¬ 
cants  and  detonation  make  it  necessary  to  limit  the  operating  temperature  of 
engines  and  accessories.  Army  and  Navy  Aeronautical  Specification,  "Test 
Procedures  for  Aircraft  Pcver  Plant  installation  (AN-T-62)."  has  set  up  a 
standardized  Instrumentation  and  test  procedure.  This  specification  should 
be  studied  vhen  planning  cooling  tests. 

There  are  two  primary  concerns  in  the  cooling  problem.  Ibeae  are 
whether  the  temperature  limits  can  be  maintained  for  all  speolfled  engine 
operating  conditions  and  the  effeot  on  range  of  the  various  engine  c&ollog 
configurations  required  to  operate  the  engines  within  prescribed  limits. 

For  determining  the  cooling  requirements  of  a  four-engine  alroraft  one 
engine  is  completely  instrumented  as  specified  In  (AN-T-62).  The  remainder 
have  lees  extensive  instrumentation  whloh  is  used  as  a  cross  cheok  to  corre¬ 
late  their  operation  with  that  of  the  completely  Instrumented  engine.  All 
temperatures  except  free  air  tempo nature  and  carburetor  air  temperature 
will  be  corrected  to  Army  suraaer  day  conditions  whloh  are  23#C  higher  than 
NACA  standard  temperatures.  The  correction  to  summer  day  conditions  Is 
made  to  the  indicated  ambient  temperature  corrected  for  Instrument  error. 

®ils  is  done  by  adding  the  product  of  the  correction  factor,  given  In 
(AN-T-62),  and  the  difference  between  the  ambient  temperature  and  the 
Army  oumnor  day  standard  temperature.  In  recording  airflow  pressure  data 
each  pressure  difference  may  be  determined  In  two  ways;  by  direct  measure¬ 
ment,  or  by  subtracting  the  two  values  which  were  measured  with  reference 
to  the  air  epeed  statlo  prosaure. 

Temperatures  and  pressures  thus  determined  allow  computation  of  the 
engine  cooling  air  flow  which  In  turn  makes  possible  a  quantitative  analysis 
of  the  cooling  data  for  uso  In  eliminating  engine  hot  spots. 

Figures  2.8l,  2.82,  and  2.83  are  typical  examples  of  how  the  basic 
data  la  presented  graphically  for  tho  three  cases  usually  considered; 
ground  operation,  climb  and  level  flight. 

Cooling  data  may  be  corrected  to  standard  temperatures  by  solving 
equation  2.801 

AT  -  K  (BHP)X  (AP)a  (<T)b  <BSFC)C  (2.801) 

where : 

AT*  engine  temperature  -  ambient  temperature 
K  «  constant  to  be  determined 
BHP  •  brake  horsepower 
AP  ■  pressure  drop  through  baffles 
O'  *  density  ratio 

BSFC  ■  brake  epeclfio  fuel  consumption 

x,a,b,c  •  exponents  to  be  determined 
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In  solving  for  the  exponent  "c",  level  flight  runs  are  made  at  about  10,000 
feet  pressure  altitude  in  normal  and  rich  mixture  settings  to  determine  the  ef¬ 
fect  of  mixture  on  cylinder  head  temperature.  The  rpm,  bhp,  air  speed,  cowl 
flap  settings,  oil  cooler  flap-settings,  and  altitude  are  held  constant  for  both 
itixture  settings.  The  data  obtained  at  various  rpms  (1800,  2000,  2200,  2400, 
and  2550  rpm)  from  the  10,000  feet  speed-power  tests  in  normal  and  rich  mixture 
are  then  used  to  determine  the  "c"  exponent.  A  complete  cylinder  head  tempera¬ 
ture  pattern  i6  obtained  on  the  Brown  recorder  on  each  run  after  the  temperatures 
have  become  stabilised.  The  exponent  "c"  is  the  slope  of  the  plot  of  log  AT 
versus  log  BSFC.  The  sign  of  "c"  may  change  abruptly  between  manual  lean  and 
higher  mixture  settings. 

A  pressure  survey  is  made  at  about  10,000  feet  pressure  altitude  in  normal 
mixture  to  determine  the  exponent  "a*1  for  the  change  in  baffle  pressure.  This 
ie  accomplished  by  varying  the  cowl  flap  openings  on  the  engine  instrumented 
for  cooling  and  holding  the  horsepower,  rpm.  air  speed,  oil  cooler  flaps,  and 
altitude  constant.  Runs  Are  made  with  the  cowl  flaps  set  in  increments  of 
1-inch  from  full  open  to  the  setting  resulting  in  the  limit  engine  temperatures 
being  obtained.  On  the  runs  at  each  1-inch  increments  of  cowl  flap  travel, 
the  engine  temperatures  are  stabilized  and  recorded  on  the  Brown  recorder. 

The  power  on  the  engines  not  being  tested  is  varied  to  hold  a  constant  air 
speed  for  all  cowl  flap  positions  at  each  power  setting  on  the  test  engine. 

The  exponent  "a"  is  the  slope  of  the  plot  of  logAT  versus  logAP. 

An  altitxide  survey  is  obtained  in  conjunction  with  the  speed-nower  data  at 
Approximately  5000,  10,000  and  15,000  foot  altitudes  to  determine  the  effect  of 
altitude  on  engine  cooling.  The  stabilized  temperatures  obtained  during  the 
speed-power  test  in  normal  mixture  at  various  rpm  are  then  used  to  determine  the 
exponent  ■b".  The  cowl  flaps  and  oil  cooler  flaps  are  held  constant  at  a 
setting  that  will  give  adequate  cooling  for  all  altitudes.  The  exponent  "b"  is 
obtained  from  the  slope  of  the  plot  of  logAT  versus  log  CJ".  For  determining 
"b"  the  same  BHP's  are  used  at  each  altitude. 

In  determining  the  exponent  "x" ,  the  level  flight  data  from  other  stabi¬ 
lized  runs  are  used.  Holding  AF,  ($  ,  and  BSFC  constant,  the  slope  of  a  plot 
of  log  AT  versus  log  BHP  gives  the  value  of  the  exponent  "x".  Test  values  of 
AP,  (X  ,  BSFC,  AT,  and  BHP  are  substituted  in  the  basic  equation  and  E  de¬ 
termined.  With  this  equation  the  engine  cooling  data  can  be  corrected  to  a 
standard  day  temperature  or  to  a  hot  day  temperature;  also,  the  amount  of  cowl 
flaps  necessary  for  any  engine  power  can  be  determined. 

A  more  simplified  method  of  cooling  analysis  for  rough  work  can  be  made  by 
plotting  AT  for  various  engine  components  vs  cowl  flap  setting.  A  AV^  is 
also  plotted  on  the  same  graph  for  a  cowl  flap  drag  increase  reference.  A 
typical  plot  of  this  type  is  shown  in  Figure  2.84.  Plots  of  this  type  made  at 
two  speeds  and  altitudes  are  useful  in  determining  the  AT  ranges  for  various 
cowl  flap  or  oil  cooler  control  positions. 
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Figure  2.81 
ri  Cooling  Check 
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SYMBOLS  USED  IN  CHAPTER  THREE 


Symbol 

A 

Ac 

Ar 

A. 

Aw 

B 


Cd  a 

Cdp 

Cf 


d 

Z 


Da 

F. 

Fg 

Fint 


*post 

Fpro 

8 

Kfl 

l 


m 

mi/m0 


M 

N 

Pa 

p. 

Pt 


Meaning 

Area 

Inlet  capture  area 
Ramp  or  compression  surface  area 
Area  of  ejector  at  primary  nozzle  exit 
Projected  ejector  area 

v  -  1  2 

Mach  number  parameter,  1  +  — Ly — M 

Additive  drag  coefficient 

Cowl  pressure  drag  coefficient 

Skin  friction  coefficient,  or  noasle  thrust 
coefficient 

Boundary  layer  diverter  height,  or  duct  diameter 

Hydraulic  diameter 

Additive  drag 

Ram  drag 

Cross  thrust 

Intrinsic  thrust 

Net  thrust 

Post-exit  thrust 

Pre-entry  thrust 

Acceleration  of  gravity 

Loss  coefficient  in  duct  bend 

Subsonic  diffuser  length 

Mass  flow 

Inlet  mass  flow  ratio  -  A0/Ac 
Mach  number 
Engine  rotational  speed 
Atmospheric  pressure 
Static  pressure 
Total  pressure 
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X 

>» 


.p.t 


y 

6 

»i 

e 

x 

w 

p 

9l 

♦ 


Ejector  wall  static  pressure 

Dynamic  pressure,  V2  p 

Average  radius  of  curvature  for  duct  bend 

Universal  gas  constant  (96.031  feet/  *K) 

Reynold's  number 

Atmospheric  temperature 

Static  temperature 

Total  temperature 

Velocity 

Secondary  flow  speed 
Airplane  true  speed 
Engine  airflow 

Airflow  through  boundary  layer  bleed  system 
Gas  flow 

Secondary  airflow 


Nossle  pressure  ratio  parameter 

Angle  of  attack 
Exponents  used  in  dimensional  analysis 
Ratio  of  specific  heats 

Boundary  layer  thickness  or  corrected  pressure, 

Pa/pSL 

Ram  efficiency 

Corrected  temperature 

Flow  angle  relative  to  free  stream  direction 
Non-dimensional  parameter 
Air  density 

Cowl  position  parameter 

Momentum  in  boundary  layer  removal  system, 

yP*MAbl 


fcf 
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Subscripts 


0,  1,  2,  etc. 
BL 

e 

SL 

th 

Superecripte: 

* 

i 


Engine  etetion  designations 

Bounder/  le/er 

Exit 

See  level 
Throet 


Sonic  flow  conditions 

Conditions  downstreem  of  normel  shock  were 
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CHAPTER  THREE 


SECTION  1 

INTRODUCTION  TO  THRUST  MEASUREMENT 

1.  1  PRELIMINARY  COMMENTS 

The  turbojet  engine  performs  a  function  similar  to  that  of  the 
reciprocating  engine  with  a  propeller.  With  either  system  thrust  is 
produced  in  the  same  manner;  that  is,  by  accelerating  a  mass  of  air. 

The  difference  in  the  operation  of  the  two  systems  lies  in  the  volume 
and  velocity  of  the  air  or  gases  affected.  The  propeller  moves  a 
comparatively  large  volume  of  air  rearward  at  a  relatively  low  velocity, 
while  the  turbojet  engine  takes  in  a  smaller  volume  of  air,  expands  it 
with  burning  fuel,  and  expels  it  to  the  rear  at  a  high  velocity. 

The  static  thrust  of  a  turbojet  engine  can  be  determined  readily  by 
direct  mechanical  measurement  on  the  ground.  This  measurement 
may  be  made  with  strain  gages,  spring  balance,  etc. .  either  with  the 
engine  installed  in  sun  airplane  mounted  on  a  thrust  stand  or  with  the 
bare  engine  located  In  a  test  cell.  It  has  been  found  that  even  with 
seemingly  identical  production  turbojet  engines,  there  Is  an  appreciable 
difference  in  thrust  output.  Also,  there  is  a  gradual  loss  of  thrust 
as  operating  hours  are  accumulated  on  an  engine.  Tor  this  reason  the 
static  thrust  of  engines  in  aircraft  undergoing  performance  testing 
should  be  measured  periodically. 

Thrust  measurement  in  flight  becomes  considerably  more  difficult 
than  under  static  conditions.  No  satisfactory  means  of  determining 
thrust  by  mechanical  means,  such  as  strain  gages  installed  at  the 
engine  mounts,  has  been  found.  Approximate  thrust  data  can  be 
obtained  from  the  engine  manufacturer's  estimated  performance  curves. 
This  method  is  not  satisfactory  for  flight  test  purposes,  however* 

These  curves  are  based  on  estimates*  or  an  average  engine  and  do  not 
yield  sufficiently  accurate  thrust  data  because  of  variations  in  output 
between  engines.  A  useful  application  of  these  curves  is  in  making 
corrections  to  standard  conditions  as  described  in  Section  4.  In  this 
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case  a  high  degree  of  accuracy  is  not  required  since  the  amount  of  the 
corrections  is  usually  small  compared  to  the  total  values. 

1.2  GENERAL  ANALYSIS  OF  IN-FLIGHT  THRUST  MEASUREMENT 

It  is  convenient  to  consider  first  a  simple  ducted  body  in  order  to 
define  the  thrust  developed  by  a  turbojet  engine.  For  simplification, 
the  axis  of  the  body  is  made  parallel  to  the  flight  path  and  no  mixing  of 
internal  and  external  flow  downstream  of  the  nozzle  exit  is  considered 
(reference  Figure  1.  1).  It  is  indicated  from  the  momentum  theorem 
that  the  thrust  developed  is  equal  to  the  rate  of  change  of  total 
momentum  (pressure  plus  momentum  flux)  of  the  internal  fluid 
contained  within  the  stream  tubes  ahead  of  and  behind  the  body  as  well 
as  that  within  the  body. 


Boundaries  of  pre -entry 
stream  tube 


Boundaries  of  equivalent 
post-exit  stream  tube 


Upetream  Entry  Suklon  1 
where  Pf  *  Pa 
S  tation  0 


Downstream 
Exit  Station  2  where  Pa  «  Pa 
Station  W 


Figure  1.  I 

Flow  Through  a  Simple  Ducted  Body 
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Assuming  a  uniform  velocity  distribution,  the  thrust  at  any 
arbitrary  plane  (P )  perpendicular,  to  the  flight  path  can  be  expressed  as 

JvcosX.  dm  ♦  J(Pgp  -  Pft)  dAp  1.1 

where 

V  »  Auid  velocity 

X  s  inclination  of  streamline  to  free -stream  direction 

m  *  mass  flow 

Pgp  »  static  pressure  at  arbitrary  plane  (P) 

Pa  ■  ambient  preesure 

Ap  *  area  containing  the  internal  flow  at  arbitrary  plane  (P) 

1.3  DEVELOPMENT  OF  THRUST  DEFINITIONS 
1.3.1  Net  Thruet: 

The  fundamental  definition  of  the  net  thrust  of  a  turbojet 
engine  is  considered  equal  to  the  change  of  total  momentum  of  the 
internal  fluid  between  station  0  upstream  and  station  W  downstream. 
Station  0  is  sufficiently  far  upstream  that  the  boundaries  of  the  pre- 
entry  stream  tube  are  parallel  to  the  direction  of  undisturbed  flow 
and  the  static  pressure  in  the  stream  tube  is  the  same  as  ambient 
pressure.  Similarly,  station  W  is  located  downstream  where 
pressure  disturbances  resulting  from  the  passage  of  the  body  through 
the  air  have  disappeared  ahd  the  static  pressure  is  again  ambient. 

From  continuity,  m  ■  p  VA  and  equation  1. 1  may  be  re-stated  as 

dA^  -  J*p0  VQ  dA0  1.2 


yn  *  Jpw 
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Fn  is  the  net  thrust  in  the  upstream  direction  created  by  the  internal 
flow  within  the  stream  tubes  extending  both  upstream  and  downstream 
of  the  body. 

1.3.2  Intrinsic  Thrust: 

To  define  the  thrust  produced  within  the  body,  reference 
stations  are  taken  at  the  entry  (station  1)  and  the  exit  (station  2). 
Consideration  of  the  momentum  theorem  pexmits  equating  the  rate  of 
change  of  momentum  to  the  sum  of  the  pressure  and  friction  forces 
acting  on  the  fluid  at  the  boundaries.  Referencing  pressures  to  ambient, 

j^[(p*lnt  '  pa)  *in  k  -  F  cos  X. J  ds  p2  V22  cos2X2  dA2  +  J(ps2  *pa)dA2 
-Jpl  v)2  cos^j  dAj  “  J'^sj  “  pa)  *^1 
where 

P*lnt  =  internal  static  pressure 
F  =  local  friction  force  per  unit  area 

ds  -  element  of  area  of  internal  surface 

The  left-hand  side  of  the  equation  represents  the  force  in 
the  free -stream  direction  exerted  on  the  fluid  by  the  internal  surface  of 
the  duct.  This  force  is  equal  to  the  rate  of  change,  of  total  momentum 
appearing  on  the  right-hand  side  of  the  equation  which  is  equivalent  to  a 
force  in  the  free -stream  direction  exerted  by  the  fluid  on  the  internal 
surface  of  the  duct.  This  latter  quantity  is  defined  the  intrinsic  thrust. 

Fint  '  jtP2  v22  cos2K2  +  p s 2  “  p a)  dA2  -  J(pi  V!  2Cos^  i  +  P.j-PjdAj 

1.4 
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1.3.3  Pre-Entry  Thrust  and  Ram  Drag: 

A  similar  analysis  can  be  made  of  the  pre-entry  stream  tube. 
To  add  physical  meaning,  the  diverging  portion  of  the  stream  tube  can  be 
considered  as  replaced  by  a  thin  frictionlese  membrane.  Since  the  flow 
field  is  unchanged,  the  thrust  will  not  be  affected.  With  reference  stations 
0  and  1,  the  force  exerted  by  the  fluid  due  to  pressure  acting  on  the 
interior  of  the  stream  tube  becomes 


I  (P«ext  ‘  Pa)  K 
which  is  commonly  known  as  additive  drag. 

where 


l.S 


P1#xt  ■  external  static  pressure 

As  before  this  force  may  be  set  equal  to 

1(01  Vj  eos^Xj  t  Pjj  ■  P|)  dAj  ‘Jpo  1.6 

which  is  defined  as  pro-entry  thrust.  Since  Vo  i*  uniform,  mi  • 
p0  VQ  A0  and  cosXQ  »  1,  the  pre-entry  thrust  is 

2  2 

P pre  *  (PI  V 1  cos  X  j  +  P»j  -  P 4)dAj  -  mj  V0  1 . 7 

The  term  mj  VQ  in  the  preceding  equation  is  the  ram  drag,  (Fa). 

r*  ■  mi  V0  1.8 
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Figure  1. 2 

Schematic  Representation  of  Inlet  Forces  on  a  Normal  S^ock  Inlet 

*  • 

b 


1.3.4  Post-Exit  Thrust: 

Similarly,  reference  stations  2  and  W  may  be  chosen, 
and  a  thrust  derived  which  is  defined  as  the  post-exit  thrust. 

Fpo.t  •  -  J(p2V22co.2  Vj  <•  P.j  -  P.)  dA2  1.9 

1.3.5  Standard  Net  Thrust: 

Since  net  thrust  is  defined  considering  flow  between  stations 
0  and  W,  the  net  thrust  Is  equal  to  the  sum  of  the  pro -entry  thrust, 
intrinsic  thrust  and  post-exit  thrust. 


F„  =  F 


pre  +  **int  +  ^post 


1.  10 
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While  the  fundamental  definition  of  thrust  hae  been  baaed 
on  the  flow  between  etationa  0  and  W,  the  calculation  of  post-exit  thrust 
cannot  be  made  precisely  because  of  mixing  of  internal  and  external 
flows  downstream  of  the  exit.  If  the  pressure  surrounding  the  post-exit 
stream  tube  is  assumed  equal  to  ambient,  the  post-exit  contribution  to 
thrust  becomes  aero.  This  assumption  is  made  to  define  standard  net 
thrust  which  is  presented  in  engine  specifications  by  the  engine 
manufacturer  e . 

nst'd  *  +  **int  *  ,f(P2  Vg^cos^X  2  ♦  Pg%  -  Pg)  dAg  -  m\  Vc  1.11 

Practical  application  of  the  definitions  which  have  been 
derived  in  thie  section  Is  treated  in  detail  in  Section  6. 
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SECTION  2 


TURBOJET  ENGINE  PERFORMANCE  PARAMETERS 

2.  1  INTRODUCTION 

The  number  of  variables  which  affect  the  performance  of  a  turbojet 
engine  is  quite  large.  Fortunately  its  operation  is  such  that  the  turbojet 
engine  may  be  submitted  to  an  extensive  analytical  treatment.  Performance 
characteristics  are  put  in  a  conveniently  usable  form  by  grouping  these 
many  dimensional  variables  into  non-dimensional  similarity  parameters. 
Advantages  of  using  these  non-dimensional  parameters  are: 

1.  Better  control  of  these  parameters  is  achieved  than  can 
be  obtained  with  the  original  variables. 

2.  There  are  fewer  parameters  than  there  were  variables 
so  that  they  can  be  presented  and  understood  more  readily. 

3.  Fewer  test  points  are  required  to  present  the  complete 
performance  capabilities  of  an  engine  throughout  its  operating 
range. 

Dimensionless  parameters  can  be  determined  by  the  dimensional 
analysis  methods  outlined  in  the  following  paragraphs.  It  is  emphasised 
that  there  are  many  sets  of  independent  dimensionless  parameters  which 
can  be  formed  from  a  given  set  of  independent  variables,  and  judgment 
must  be  exercised  in  selecting  parameters  which  have  the  proper 
significance . 

2.  2  APPLICATION  OF  DIMENSIONAL  ANALYSIS 

The  traditional  method  of  applying  dimensional  analysis  is  by  means 
of  the  Buckingham  it  Theorem.  From  this  theorem  it  is  learned  that 
if  in  a  given  problem  there  are  n  independent  variables  (dimensional) 
and  k  basic  dimensions,  (e.g.,  length,  time  and  mass),  then  there 
only  (n  -  k)  truly  independent  non-dimensional  (similarity) 
parameters  associated  with  the  problem.  Buckingham  gives  these  non- 
dimensional  parameters  the  symbolic  notation  ?  j,  *£.  . .  *  n-k* 
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A  method  for  determining  the  form  of  theee  parameter*  1*  described 
below. 

Each  of  the  parameter*  determined  by  dimensional  analysis  will  be 
composed  of  the  product  of  variables  raised  to  some  power.  The 
determination  of  these  exponents  is  the  central  problem  of  dimensional 
analysis.  One  variable  in  each  parameter  can  be  chosen  arbitrarily  to 
be  raised  to  the  first  power.  As  a  matter  of  convenience  these  first 
power  terms  are  made  those  of  primary  interest  (e.g.,  drag,  lift,  fuel 
flow,  etc.).  Symbolically,  the  pi -parameters  are  written 

*1  “  (Vi*1*  y2a2.  •••  Vkak)  Vk  +  i 

*2»  <VA  V2P2.  ...  VkSvk  +  2 

1 1  t  j  It 

9  n  *  <V1  •  V2  •  •  •  ,y3  3)  Vk  +  n 

where 

V1>...  n  an  the  dimensionless  parameters 

Vk  +  j. . . .  Vk  +  n  are  the  variables  of  primary  interest 

ai*>  ^i*  •  •  ■  ^i  *ra  the  exponents  to  be  determined 

The  exponents  are  obtained  by  replacing  the  variables  with  their 
fundamental  dimensions  of  mass,  M,  length,  L,  and  time,  T. 

[  •  J  .  [uW1]  11  [mW2]  [m*  W3]  ‘3  [u*W4] 

t^,  bj,  are  known  numbers,  for  example, 

[velocity]  *  [m°  L1t'1] 


The  variables  are  combined  into  terms  having  the  dimensions 
[hl°  L°  T°]  so  we  mi/  write 

[  »]  =  M°L°T°  «  1  ■  Mm  “l  *  *2 *1  *  *3*3  *  *4  Lbl“i  +  b2°Z  +  b3*3  *  b4 

Tcl*3  4  Cj«3  ♦  e3«j  +  c4 
Now  equating  exponents  of  like  terms 

for  M  +  *2a2  +  4J®3  +  *4  *  0 

for  L  b|«|  +  b2&2  +  +  b^  *  0 

for  T  cjaj  ♦  cjaj  ♦  bje^  ♦  C4  *  0 

These  are  three  simultaneous  equations  which  can  be  used  to  determine 
the  three  unknowns,  a(,  *2*  a3* 

If  the  factors  affecting  the  performance  of  a  turbojet  engine  are 
divided  into  dependent  and  independent  variables,  we  may  list  them  as  in 
the  following  table: 

Dependent  Variable 
airflow,  w* 
fuel  flow,  wf 

exhaust  gas  temperature,  Ttg 
thrust,  Fg  or  Fn 

Independent  Variable 
inlet  total  pressure, 
inlet  total  temperature,  Tt2 
engine  speed,  N 

free -stream  static  pressure,  Pm 
nozzle  area,  Ag 
flight  speed,  V 


Units 

Dimensions 

lb(mass)/sec 

M  T*1 

ft  lb/ sec 

ml2t-3 

•K 

L2T'2 

lb 

MLT'2 

Units 

Dimensions 

Ib/f? 

ML'1!'2 

•K 

l2t-2 

rad/sec 

T"1 

lb/ft2 

ml-it-2 

ft2 

L2 

ft/sec 

LT_1 
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NOTE:  Units  are  those  most  convenient  for  dimensional  analysis  and 
do  not  necessarily  conform  to  those  in  other  sections. 
Temperatures  are  considered  a  measure  of  enthalpy  and 
fuel  flow  as  energy  input.  Temperatures,  pressures  and 
area  were  selected  at  station?),  (Reference  Figure  2.  1),  to 
give  the  most  useful  results.  Values  at  other  stations  might 
be  used  without  invalidating  the  results. 


combustion 


Figure  2.1 

Turbojet  Engine  Station  Designations 


The  above  station  designations  are  generally  used  as  subscripts: 
0  free  stream 

1  inlet  duct 

2  compressor  inlet 

3  compressor  outlet 

4  turbine  inlet 

5  turbine  outlet 
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6  tailpipe  inlet 

7  tailpipe  outlet 

8  jet  nozzle  outlet 

Ae  an  example  of  the  application  of  dimensional  analysis,  consider 
thrust  as  a  function  of  the  independent  variables  taken  from  the  preceding 
table. 

Fg  =  f  (Pt2.  Tt2.  N,  Pa.  A8) 

Since  there  are  six  variables  and  three  fundamental  units,  we  can 
determine  three  pi-parameters,  which  can  be  expressed  in  an  equation 
made  up  of  three  dimensionless  numbers. 


ir  i  *  Pt2*  Tt2*  A8*  Fg 

w  2  =  pt2»  Tt2*  A8»  n 
W  3  =  Pt2*  Tt2*  A8*  Pa 

Substituting  their  dimensions  in  place  of  the  variables, 

[ffl]  s  [mL^T*2]01  [L2T-2]a2[L2]  *3  [mLT'2] 

f'J=[ML*1T*Z]ai  [L2T-2]a2[L2]°3  t'1] 

[’3]  *  [ml^t'2]11  [l2t"2]°2[l2]  a3  [ml^t*2] 

After  solving  for  exponents  we  have, 
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*2  - 
*J  m 

Thar  of  or  a. 

Eliminating  the  area  (Ag)  for  an  angina  o I  constant  siaa  and  lnvartlng 
*3  to  form  ram  pros  sura  ratio* 


It  is  oonvantlonal  to  rafar  tamparaturas  and  praasuras  to  standard 
saa  Laval  conditions  by  making  tha  following  substitutions. 
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By  similar  analysis  the  following  relationships  can  be  developed. 


These  equations  remain  valid  with  the  addition  or  deletion  of  constants 
although  the  parameters  are  no  longer  dimensionless. 

Thus  far,  we  have  considered  only  the  independent  variables  which 
have  a  primary  effect  on  performance.  Other  factors,  such  as  viscous 
effects,  combustion  efficiency,  and  the  ratio  of  specific  heats  have 
secondary  effects  on  performance  particularly  at  high  altitudes  and  high 
Mach  numbers.  It  is  pointed  out  that  engine  manufacturers  frequently 
publish  correction  curves  to  be  used  in  conjunction  with  non-dimensional 
performance  plots  which  account  for  these  secondary  effects. 
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SECTION  3 


AIR  INDUCTION  SYSTEM  PERFORMANCE 

3.  1  GENERAL  COMMENTS 

Performance  curve*  for  an  engine  installed  in  an  aircraft  are  usually 
presented  in  terms  of  conditions  existing  at  the  compressor  face,  i.e. , 
Tt^/'I'to  atnd  Pt^/Pto-  Adiabatic  flow  is  assumed  so  that  Tt£  *  TtQ 
which  can  be  calculated  from  the  free -stream  Mach  number  and  ambient 
temperatures.  In  order  to  determine  Pt£  it  is  necessary  to  evaluate 
the  total  pressure  losses  between  the  free-stream,  station  "O",  and  the 
compressor  face,  station  "2".  When  these  losses  are  evaluated,  the 
engine  performance  curves  may  be  obtained  in  terms  of  aircraft  speed, 
altitude  and  free -air  temperature. 

Air-inlet  efficiency  is  generally  expressed  in  terms  of  the  pressure 
recovery,  Pt2/FtQ»  because  it  can  be  shown  by  a  simplified  analysis 
of  the  turbojet  engine  that  this  parameter  is  directly  related  to  both 
the  net  thrust  and  fuel  consumption.  For  example, 

.  L  (  1  3.1 

where 

Fni  *  ideal  net  thrust,  (P^/P^  *  1.0) 

Fna  *  Actual  net  thrust 
PtQ  ■  free-stream  total  pressure 
Pt2  ■  total  pressure  at  compressor  face 
L  ■  a  function  of  jet  efficiency,  nossle  exit  conditions 
L  is  always  greater  than  1.0  and  is  determined  by  engine  design  and 
flight  conditions.  If  the  thrust  loss  is  determined  for  an  engine,  values 
of  the  parameter  (AFa/Fni)/(  ^Ft^/Pt©)  Are  usually  between  1.2  and 
1.3.  Hence,  a  1  percent  loss  in  pressure  recovery  may  result  In  a  1.8 
percent  loss  in  net  thrust. 
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The  parameter  ram  efficiency,  rj,  is  sometimes  used  to  indicate 
duct  losses. 

_  ..  ^t2  ■  ^a  -j  ■> 

'  -TPto-Pa  ‘ 

where  Pa  is  free-stream  static  pressure. 

Experience  has  proven  that  r\  is  a  useful  parameter  for  expressing 
the  inlet  losses  in  subsonic  flow.  A  conversion  between  ram  efficiency, 
t),  and  total  pressure  recovery,  Pt2^Pt0»  can  be  expressed  as 


p»  a  i  ♦  n[d  *  -T-i-  m02)  1  -  l] 

- : - y - 

+  mo2)*- 


If  V  =  1.4  and  B  =  1  +  -■■■■-  M2  this  becomes 


1  +  n(B03’5  -  1) 


This  expression  is  plotted  in  Chart  9.  1. 

In  the  discussion  which  follows,  some  of  the  factors  which  affect 
inlet  efficiency  and  approximate  methods  for  estimating  the  inlet  total 
pressure  losses  (providing  experimental  data  are  not  available)  are 
discussed. 

3.2  SUBSONIC  FLIGHT 

Inlet  total  pressure  losses  which  occur  during  take-off  (or  static 
run-up)  and  at  subsonic  flight  speeds  may  be  conveniently  considered 
as  (a)  inlet-entry  losses  and  (b)  subsonic -diffuser  losses. 
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3.2.1  Inlet  Entry  Losses: 

Entry  losses  occur  mainly  from  flow  separation  at  the  inlet 
lips  or  from  the  ingestion  of  boundary-layer  flow  in  the  inlet.  Inlet 
total -pressure  loeses  caused  by  flow  interference  from  aircraft 
components  other  than  the  air  induction  system  are  small  at  subsonic 
speeds  and  are  usually  neglected.  Lip  losses  are  important  for  those 
conditions  where  the  local  stagnation -point  streamline  occurs  outside 
of  the  inlet  lip  (i.e. ,  angle  of  attack  operation  with  sharp  lipped  inlets, 
or  for  mass  flow  ratios  grsatsr  than  1.0  as  illustrated  in  Figure  3.  lc). 


Boundary  of  pre- 
entry  stream  tube 


Boundary  of  pro¬ 
entry  stream  tube 

Projected  Up 
periphery 


Boundary  of  pre- 
1  entry  stream  tube 


(a)  mass  flow  ratio. 

4s-  *  1*° 

Al 


(b)  mass  flow  ratio, 
Ac 

•T“  <  1.0 


(c)  mass  flow  r« 
Ao  .  B 
Ai 


Figure  3.1 

Schematic  Representation  of  Maas  Flow  Ratio 
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For  low  speeds  and  large  mail  flow  ratios,  lip  separation  occurs  and  a 
vena  contracta  is  formed  within  the  inlet  giving  rise  to  relatively  high 
total  pressure  losses.  Since  aircraft  designed  for  supersonic  flight 
generally  have  sharp  inlet  lips,  the  separation  condition  is  aggravated 
and  these  aircraft  suffer  large  total  pressure  losses  during  static  run-up 
and  take-off.  The  curves  in  Chart  9.2  give  the  average  pressure 
recovery,  (Ptj/Pt0)j^jp,  for  a  number  of  model  and  full  scale  inlets 
at  zero  and  low  forward  speeds.  In  order  to  increase  these  poor  low- 
speed  pressure  recoveries  and  provide  an  adequate  air  supply  for  the 
engine,  some  aircraft  designed  for  high-speed  flight  have  auxiliary  Inlets 
or  "blow  in"  doors.  These  auxiliary  inlets  reduce  the  operating  mass 
flow  of  the  main  inlet  and  improve  the  overall  pressure  recovery. 

Boundary -layer  flow  may  enter  the  inlet  for  a  side  inlet  installation 
and  give  rise  to  a  loss  in  pressure  recovery  over  a  portion  of  the  inlet 
area  because  of  the  local  velocity  profile.  If  experimental  data  ie  not 
available  on  losses  due  to  the  boundary-layer  effects,  an  estimate  of 
these  losses  may  be  made  from  the  following  considerations. 

For  most  installations  the  entering  boundary  layer  is  considered 
to  be  turbulent.  Boundary-layer  thickness,  6  ,  may  be  estimated  for 
at,  »  0  degrees  by  use  of  Chart  9.3*.  Angle  of  attack  effects  on 
boundary -layer  thickness  may  be  estimated  from  the  following  equation 
for  email  angles  of  attack: 

««  *  «o  (  ^4-^  >  ♦  ‘o  3  5 

°o 

where  6Q  *  boundary-layer  thickness  at  e<  ■  0 

and  ^  »  bound  ary -layer  thickness  at  angle  of  attack  of  <A 

*lf  the  inlet  is  located  on  the  nose  portion  of  the  fuselage  (i.  e. ,  in  a  flow 
field  more  conical  in  nature  than  two-dimensional)  these  boundary -layer 
thicknesses  should  be  modified  by  the  Mangier  transformation  factor 
V/3T  For  example, 

ft  1  , 

conical  ‘  jy  0  flat  plate 
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It  should  be  noted  thet  equation  3.5  is  applicable  only  for 
underslung  inlet  locations  and  should  be  used  with  caution  for  other 
circumferential  locations  because  considerable  error  may  result. 

(This  is  especially  true  at  supersonic  speeds  as  will  be  pointed  out 
later. ) 

Most  side-inlet  installations  have  a  boundary -layer  diverter, 
or  scoop,  such  as  that  schematically  shown  below. 


V 


Figure  3.2 

Boundary  Layer  In  Side-inlet  Installation 


The  effects  of  boundary-layer  profile  on  the  inlet  losses 
may  be  calculated  in  the  absence  of  shock  wave  boundary -layer 
Interaction  for  this  type  of  installation  with  the  aid  of  Chart  9.4*  and  the 
following  equation  for  the  average  value  of  pressure  recovery. 


*Note  that  lor  most  cases  a  turbulent  boundary  layer  is  assumed  and  it 
It  tufflcltnily  tccurtU  to  use  *  Vl  power  velocity  profile  approximation. 
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1 10 

where  denotes  the  average  pressure  recover/  of  that 

J  d/6 

part  of  the  boundar/  la/er  which  is  ingested  into  the  duct.  (Note  that  if 
d/6  Si  1.0  no  correction  is  required  and  AgL  =  0.)  In  man/  cases 
Pt}/PtQ  i*  approximately  1.0;  however,  this  term  must  be  evaluated 
at  the  same  station  at  which  the  reference  area  AQ  is  taken.  (Reference 
Figure  3.2.) 


3.  2.  2  Internal  Boundary-Layer  Removal  Systems: 


An  aircraft  inlet  designed  for  high-speed  flight  may  have  an 
Internal  boundary-layer  removal  system.  Losses  are  Incurred  in  the  use 
of  such  a  system,  whether  a  ram  scoop  or  suction  through  slots  or 
perforations.  The  boundary-layer  removal  system  losses  are  usually 
so  large  that  a  complete  loss  in  free -stream  momentum  is  usually  assumed 
for  the  mass  flow  through  the  removal  system.  For  example. 


DBL  s  mBL  vo  3- 7 

where 

Dbl  =  boundary-layer  removal  system  drag 
mBL  “  boundary-layer  removal  system  mass  flow 

If  the  manufacturer  does  not  specify  the  mass  flow,  the  loss 
with  a  ram  scoop  may  be  estimated  as  follows  with  the  aid  of  Chart  9.  5. 
(Note  that  a  V7  power  velocity  profile  assumption  is  adequate  for  this 
estimate.)  Since  the  drag,  Dbl*  ihe  change  in  momentum  of  the 
airflow  in  the  direction  of  flow  then, 
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3.8 


DBL  a  ♦<>  *  *1 


where  the  momentum  ratio,  *  ma/  b®  obtained  from  Chart  9.  5 

and  4*o  from  the  following  relation. 


♦o  = 


V  PaM0"A 


BL 


3.9 


3.2.3  Subeonic  Diffuser  Loeeea: 

Subsonic  diffuser  losses  aro  concerned  with  those  losses 
within  the  inlet  between  stations  1  and  2.  Factors  which  contribute  to 
these  losses  are  skin  friction,  duct  expansion  and  duct  bends  or  offsets. 
Total  pressure  losses  resulting  from  friction  and  duct  expansion  can 
be  calculated  if  one -dimensional  compressible  flow  and  no  change  in  skin 
friction  coefficient  with  length  are  assumed.  The  results  of  such  a 
calculation  are  shown  in  Chart  9.  6  where  the  skin  friction  coefficient 
C f  is  usually  estimated  with  sufficient  accuracy  from  Von  Kar man's 
approximate  formula  for  turbulent  flow. 


Cf 


.074 
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Re 


Reynolds  number  based  on  average  flow  properties  in 
the  duct  and  the  duct  length. 


Values  of  the  parameter 


between  those 


given  in  Chart  9.  6  can  be  obtained  with  sufficient  accuracy  by  linear 
interpolation.  Here  dg  is  the  hydraulic  diameter  of  the  duct  at  the 
compressor -face  station.  Total  pressure  losses  due  to  compound 
duct  bends  may  be  estimated  with  sufficient  accuracy  by  use  of  Chart  9.7. 
In  this  figure  the  loss  coefficient,  Kb.  is  related  to  the  duct  total 
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pressure  loss  through  the  following  relation. 


*  i  -  kb  (i  -“V5) 

Bl 


3.  11 


where 

V  -  1  2 

Bj  =  1  +  -y- 

Even  though  Chart  9. 7  is  plotted  for  90-degtee  bends  the 
loss  coefficients  for  bends  other  than  90  degrees  may  be  obtained  by 
simple  interpolation,  (e.g.,  for  45-degree  bends  the  loss  coefficient 
is  reduced  by  about  \l).  All  bends  must  be  generously  radiused. 
however,  so  that  boundary-layer  separation  does  not  occur. 

The  total  pressure  losses  for  the  entire  inlet  in  subsonic 
flow  may  now  be  expressed  as  follows: 


3.12 


3.  13 


) 


friction 
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3.3  SUPERSONIC  FLIGHT 

Inlet  'total  pressure  losses  which  occur  during  supersonic  flight 
may  be  calculated  from  a  consideration  of  the  pressure  losses 
associated  with  the  following: 

1.  Supersonic  compression. 

2.  Entering  stream-tube  flow  non-uniformities  (i.  e. ,  boundary- 
layer  flow,  aircraft  attitude  effects,  interferences  effects,  etc) 
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and  unsteadiness . 

3.  Subsonic  diffuser  design. 

The  overall  performance  of  the  inlet  may  then  be  calculated  in 
exactly  the  same  manner  as  that  given  in  equations  3.  12  through  3.14 
provided  that  all  total  pressure  loss  factors  are  included. 

3.3.1  Supersonic  Compression: 

Total  pressure  losses  die  to  supersonic  compression  may 
be  calculated  from  the  geometry  of  the  inlet  and  free -stream  Mach 
number.  Theoretical  pressure  recoveries  of  normal  shock,  two- 
shock  and  three-shock  external  compression  inlets  are  illustrated  in 
Figure  3.  3. 


Figure  3.3 

Maximum  Pressure  Recovery,  All  External  Compression 
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From  this  figure  it  may  be  seen  that  even  the  relatively 
simple  two-shock  external  compression  inlet  exhibits  considerable 
pressure  advantage  over  the  normal  shock  inlet  at  Mach  numbers  over 
about  1.5.  At  Mach  2.0,  for  example,  the  two-shock  inlet  operates  with 
a  20  percent  improvement  in  pressure  reco\ery.  This  may  result  in 
approximately  40  percent  more  thrust  for  a  two-shock  inlet  than  for  one 
using  a  normal  shock  inlet.  At  Mach  numbers  much  above  2.0  even  the 
two-shodc  inlet  yields  excessive  pressure  losses  and  the  more  complicated 
flow  geometries  appear  advantageous.  For  open  nose  inlets  the  total 
pressure  ratio,  Pt}/^t0>  may  be  obtained  directly  from  the  free-stream 
Mach  number  and  the  normal  shock  pressure  ratio  given  on  Chart  9.8. 
Pressure  ratios  obtained  with  other  types  of  inlets  are  shown  in 
Charts  9.  9  through  9.11. 

An  additional  loss  arises  from  the  momentum  change  in  the 
inlet  stream-tube  between  the  free-stream  and  the  inlet  face  when 
no  aircraft  components  other  than  those  of  the  air  induction  system 
interfere  with  the  stream -tube.  This  momentum  loss  occurs  at  mass 
flow  ratios  less  than  one  and  is  commonly  called  "pre -entry  thrust"  or 
"additive  drag".  As  defined  in  Section  1,  pre -entry  thrust  is  the  aatial 
component  of  the  pressure  force  on  the  diverging  portion  of  the  entering 
stream -tube  between  station  0  and  station  1. 

Expressions  for  the  calculations  of  additive  drag  have  been 
developed  in  coefficient  form,  (Cda  =  Da/q0Ac).  For  open  nose  inlets, 

Cd»  =  ~KT02  (YMl2  +  1)  -  1  --£a-YM02j  3.15 

For  external  compression  inlets, 
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where 


-1-1)  cob  X 


3.  16 


Cda  =  additive  drag  coefficient 

qQ  =  free -stream  dynamic  pressure 

Ag  *  inlet  capture  area 

A,  «  ramp  or  other  compression  surface  area 

Pr  =  effective  static  pressure  on  compression  surface 

forward  of  station  1 


The  results  obtained  from  these  equations  are  plotted  in 
Charts  9.  14  and  9. 15.  Also  shown  in  Chart  9.  15  Is  the  variation  of 
cowl  position  parameter  (angle  between  axis  of  inlet  and  straight  line 
connecting  tip  of  center  body  with  lip  of  cowl),  ,  with  mass  flow. 

This  parameter  is  useful  for  the  determination  of  the  maximum  mass- 
flow  ratio  obtainable  through  a  given  conical  inlet  for  a  particular  test 
condition. 

Variations  in  inlet  drag  resulting  from  changes  in  mass 
flow  through  the  inlet  will  cause  changes  in  the  cowl-lip  suction  force 
as  well  as  additive  drag.  At  subsonic  speeds  these  two  forces  cancel 
each  other  and  no  calculation  for  either  is  necessary.  However,  at 
speeds  just  above  sonic  both  forces  must  be  calculated  for  an  accurate 
determination  of  inlet  net  drag.  At  Mach  numbers  over  about  2.  0 
additive  drag  becomes  the  dominating  factor  and  lip  suction  forces  are 
small  (usually  negligible)  for  slender,  sharp-lipped  inlets*.  For 


^Slender  sharp-lipped  inlets  are  defined  as  Inlets  with  cowl  angles  less 
than  5  degrees  and  by  thickness  with  the  ratio  lip  thickness /inlet  radius 
less  than  about  0.07. 
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nose  inlet  installations  Chart  9.  16  may  be  used  (or  estimating  Lip  suction 
effects  at  mass  ratios  greater  than  about  0.8.  Included  in  this  figure 
is  the  corresponding  increase  in  additive  drag  coefficient  to  illustrate 
the  relative  magnitude  of  the  two  forces.  For  blunt-lipped  installations 
and  large  cowl  angles,  experimental  results  are  required  to  determine 
lip  suction  effects. 

3.3.2  Flow  Non-Uniformities  and  Unsteadiness  Effects: 

The  major  total  pressure  losses  resulting  from  flow  non¬ 
uniformity  of  the  inlet  face  are  caused  by  an  entering  boundary  layer. 
These  total  pressure  losses  may  be  treated  in  the  same  manner  discussed 
previously  for  subsonic  flight;  however,  the  correction  for  angle  of  attack 
effects  on  boundary-layer  thickness  must  be  obtained  from  experimental 
data  for  inlet  locations  other  than  the  underslung  type.  This  is  necessary 
because  experimental  results  have  shown  as  much  as  15  to  20  percent 
loss  in  Pt2/Pt0  with  variations  in  circumferential  position  of  the  inlet 
and  angles  of  attack  as  low  as  4  to  6  degrees. 

Excessive  airflow  distortion  at  the  compressor  face  may 
result  from  operation  at  "off -design"  conditions.  Inlet  performance 
may  be  degraded  from  Mach  number  and  altitude  effects  as  well  as  from 
subcritical  or  supercritical  operation.  If  shock  wave  boundary-layer 
separation  occurs  this  condition  may  be  considerably  aggravated.  With 
supercritical  operation  as  shown  in  Figure  3. 4C  the  pressure  drop 
across  the  normal  shock  is  increased  and  a  lower  pressure  recovery 
results.  Subcritical  flow  as  in  Figure  3.4A  is  accompanied  by  a 
reduction  in  mass -flow  ratio  with  a  consequent  increase  in  additive 
drag.  If  the  reduction  in  mass  flow  ratio  is  too  great,  "inlet  bus*", 
discussed  in  the  following  paragraph,  will  occur. 
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:hetl  (normal)  shock 


(a)  Subcritlcal 


Normal  shock 


(c)  Supercritical 


Figure  3.  4 

Operational  Modes  of  Supersonic  External  Compression  Inlets 


Large  variations  in  flow  uniformity  will  give  rise  to  thrust 
loss,  excaskivs  fuel  consumption,  loss  oi  acceleration  margin,  hot 
spots,  local  blade  stalling  (rotating  compressor  stall)  and  engine 
vibration  with  possible  structural  failure. 

Inlet  operation  at  eubcritical  mass -flow  ratioe  may  result 
in  an  unsteady  flow  condition  commonly  called  "inlet  buss".  This 
operation  is  characterised  by  rapid  changes  in  the  inlet  flow  pattern 
which  results  in  rapid  fluctuations  in  in  drag  as  well  as  total- pressure 
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ratio.  Several/  reduced  engine  performance  results  and  for  some  buzz 
conditions  compressor  stall,  flame-out,  or  structural  failure  ma/  occur. 

Flow  non -uniformity  may  also  arise  from  interference  effects 
of  other  aircraft  components  on  the  inlet  stream-tube  and  these  effects 
must  be  determined  from  experimental  data  because  no  simple  means  for 
estimating  the  magnitudes  of  these  effects  exists  for  all  the  diverse 
combinations  of  flight  attitudes  and  aircraft  geometries. 

3.3.3  Subsonic  Diffuser  Losses: 

Subsonic  diffuser  total  pressure  losses  are  calculated  in  a 
manner  similar  to  that  described  in  paragraph  3. 2,3.  The  entering  flow 
conditions  are  taken  as  those  just  down-stream  of  the  terminal  shock  and 
the  length  of  the  subsonic  diffuser  measured  from  this  point. 
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SECTION  4 

STANDARDIZATION  OF  TEST  DATA  WITH  ENGINE  PARAMETERS 


4.1  INTRODUCTION 

In  the  process  of  standardizing  test  data  obtained  under  off-standard 
conditions,  it  is  necessary  that  corrections  be  made  based  on  the  engine 
parameters  developed  in  Section  2.  For  example,  rate  of  climb  determined 
during  climb  tests  may  be  corrected  to  standard  engine  speed  and 
standard  temperature  through  the  use  of  correction  curves  plotted  as 
Fn/6t£  v«reu*  N/  ^8*.  These  curves  are  computed  from  the  engine 
manufacturer's  estimated  minimum  performance  curves,  as  described 
in  Data  Reduction  Outline  8.  1.  (Typical  estimated  minimum  performance 
curves  for  an  engine  with  a  fixed  nozzle  are  illustrated  in  Figure  4.  1.) 

This  correction  and  others  using  non-dimensional  parameters  are  made 
quite  readily  for  aircraft  with  simple  jet  engines  but  are  not  generally 
applicable  to  more  advanced  engines.  Use  of  the  fuel  flow  parameter 
and  the  exhaust  gas  temperature  parameter  for  establishing  corrections 
for  simple  Jet  engines  is  described  in  paragraphs  4.  2  and  4.  3.  Similar 
corrections  for  more  advanced  engines  are  discussed  in  paragraph  4.4. 


4.2  FUEL  FLOW  PARAMETER 


The  engine  manufacturer's  estimated  fuel  flow  curves  are  seldom 
used  in  flight  testing,  since  flow  rates  are  measured  with  test 
instrumentation.  The  same  parameters  are  used,  (wf/ 
versus  N/*rt2).  in  plotting  test  fuel  flow  data,  however,  as  are  found 
in  estimated  curves  furnished  by  the  engine  manufacturers.  Test  fuel 


flows  are  corrected  to  standard  conditions  using  test  data  plotted  in  this 
form. 
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5000  6000  7000  8000 

Corrected  RPM,  N/^ 


Corrected  RPM,  N/)fo"t 


Figure  4.1 

Typicel  Turbojet  Engine  Characterietice 
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The  effects  of  changes  in  specific  heat  ratio,  combustion 
efficiency,  Reynolds  number,  etc.,  were  neglected,  (Reference 
Section  2),  when  the  dimensionless  parameters  were  developed. 
Consequently,  an  exact  correlation  of  test  data  obtained  over  a  wide 
range  of  flight  speeds  and  altitudes  cannot  be  expected.  At  altitudes 
up  to  about  35,  000  feet,  (depending  on  the  engine  design),  quite  good 
correlation  can  be  expected.  At  higher  altitudes,  however,  the 
neglect  of  the  change  in  Reynolds  number,  in  particular,  becomes 
increasingly  important,  and  separation  from  the  basic  polar  occurs 
as  illustrated  in  Figure  4.2. 


Figure  4.  2 

Typical  Fuel  Flow  Characteristics 
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At  normal  in-flight  operating  conditions  there  is  no  apparent  effect 
from  changes  in  Pt2^a-  At  low  altitudes  with  low  power  settings  when 
flow  at  the  nozzle  exit  is  subcritical,  lines  of  constant  Pt2/Pa  diverge 
from  the  basic  polar  as  shown  in  Figure  4.  2. 

4.  3  EXHAUST  GAS  TEMPERATURE  PARAMETER 

Plots  of  corrected  exhaust  gas  temperature  versus  corrected  rpm 
from  flight  test  data  can  be  used  to  apply  corrections  to  exhaust  gas 
temperature  and  other  performance  variables.  The  corrections  are 
necessary  when  an  engine  is  operated  at  other  than  standard  exhaust 
gas  temperature.  For  example,  corrections  to  exhaust  gas  temperature, 
thrust  and  rpm  may  be  made  as  described  in  Data  Reduction  Outline  8.  2. 

4.4  ADVANCED  ENGINES 

Many  different  configurations  in  noasles,  ejectors,  control  systems, 
etc.,  are  in  use  or  will  be  installed  in  future  aircraft.  Because  of  the 
variety  of  configurations  which  exist  and  are  planned,  it  is  not  practical 
nor  possible  to  describe  methods  for  correcting  engine  data  to  standard 
conditions  which  are  suitable  for  each  type.  It  frequently  is  not 
immediately  evident  as  to  when  non-dimensional  methods  are  applicable. 
The  characteristics  of  each  of  the  more  complex  engines  should  be 
studied  so  that  methods  may  be  modified  as  required  for  the  individual 
case,  and  the  best  means  chosen  for  making  corrections  to  standard 
conditions. 


SECTION  5 

AIRFLOW  MEASUREMENT 


5.  1  INTRODUCTION 

At  was  teen  in  Section  3.  1,  the  thrust  of  a.  turbojet  engine  is 
dependent  on  ram  drag  which  requires  a  knowledge  of  mass  flow 
through  the  engine.  Three  methods  of  measuring  engine  airflow  in 
flight  have  been  generally  used  and  are  discussed  in  this  Section. 

5.  2  ENGINE  COMPRESSOR  AIRFLOW  CURVES 

Of  the  three  methods  for  determining  airflow,  use  of  engine 
compressor  airflow  curves  furnished  by  the  engine  manufacturers  is 
most  common.  These  curves  are  generally  plotted  as 


where  «t2  •  Tt2/T8L  and  6t2  «  Pt2/PsL 

Compressor  inlet  total  temperature,  Tt2»  i*  computed  from  ambient 
temperature  and  free  stream  Mach  number  assuming  adiabatic  flow. 
Compressor  inlet  pressure,  Pt2,  is  obtained  preferably  by  measure¬ 
ment,  but  if  inlet  instrumentation  is  not  Installed  It  can  be  computed 
from  total  free  stream  pressure  and  estimated  total  pressure  recovery. 

5. 3  INLET  DUCT  METHOD 

Airflow  can  be  measured  from  total  temperature  and  surveys  of 
total  and  static  pressure  forward  of  the  compressor  face. 

From  continuity 

m  «  *  pVA  5.  I 

8 
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where 

m  =  mass  flow,  slugs/second 

wa  =  weight  flow,  Ib/second 

p  =  density,  alugs/ft^ 

V  =  velocity,  ft/ second 

A  =  annular  area,  ft^ 


p,  V  and  A  represent  values  at  the  station  where  pressure  measure¬ 
ments  are  taken. 


Assuming  a  perfect  gas 

9  =g*T; 


5.2 


where 


Pa  a  static  pressure,  lb/ft^ 

R  a  gas  constant,  ft-lb/lb  *K 
Ta  a  static  temperature,  *K 


where 


5.3 


M  a  Mach  number 
V  a  ratio  of  specific  heats 

Substituting  equations  5.2  smd  5.3  inequation  5.1 


5.4 


5.5 
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and 

Tt  =  T.  (1  +  1^-i  M2)  5.6 

Substituting  equations  5.5  and  5.6  inequation  5.4 


Total  pressure  surveys  are  commonly  made  by  dividing  the  duct 
into  equal  annular  areas  with  pressure  probes  located  to  measure  the 
pressure  in  each  of  these  areas.  Probes  should  also  be  located  near 
the  wall  of  the  duct  to  account  for  boundary-layer  effects.  Care 
should  be  taken  to  locate  the  total  pressure  probes  in  a  straight  portion 
of  the  duct,  and  that  no  struts  or  other  obstructions  which  would  cause 
pressure  gradients  are  immediately  upstream  of  the  probes.  Static 
pressures  are  measured  ffom  either  pick-ups  located  on  the  total 
pressure  rakes  or  from  wall  static  taps  or  a  combination  of  both. 
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Figure  5.  1 

Typical  Inlet  Duct  Pressure  Instrumentation 


5.4  TAILPIPE  TEMPERATURE  METHOD 

Gas  flow  at  the  nozzle  (which  includes  both  air  and  fuel)  can  be 
calculated  using  the  same  basic  equations  that  were  used  to  compute 
airflow  from  inlet  pressure  measurements.  Gas  flow  is  frequently 
expressed  as: 

pfsffi"  *  *  V-  m«2>  5-8 
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In  an  ideal  converging  nozzle  the  static  discharge  pressure  (F 0g) 
remains  constant  and  equal  tothe  ambient  pressure  (Pa)  until,  as  the 
total  discharge  pressure  (Ptg)  increased,  the  maximum  obtainable 
Mach  number  of  ona  is  reached.  As  Ptg  i«  increased  further  the  Mach 
number  remains  at  one  and  P8g  rises  above  Pa  but  the  ratio  oi 
Pt8/P,8  remains  constant.  An  exit  Mach  number  less  than  one  is 
called  subcritical  and  a  Mach  number  of  one  is  called  supercritical. 


Subcrltical  Supercritical 

Pta/P«8<1.85  Ptg/PsB  ■  185 


Ps8  =  Pa  Peg  y  Pa 

M8  <  1.0  Mg  *  1.0 

Mach  number  at  the  exit  is: 


Mg  3 

Substituting  equation  5.  9  in  equation  5.  8  and  applying  standard  units, 
the  subcritical  flow  equation  becomes: 


116.23  /x  (1  ♦  X) 


5. 10 


where 


^8  *  Peg 


8  * 

32.  174 

ft/sec2 

y  = 

1.33  (non -afterburning) 

R  = 

96.031 

ft/*K 

Ag  = 

ft* 

w88~ 

Ib/sec 

Pa  = 

"Hg 

7-1 

X  = 

y  -  l 
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For  supercritical  flow  with  M$  =  1.0,  equations  5.9  rnay  be 
written: 


p»8  =  P*8  Y‘l 

Substituting  equation  5.  11  in  equation  5.8  with  M  *  1.0, 


Assuming  V  -  1.33  for  engine  operation. 


wg^Vr'tg-  =  27  54  Pta 

V*  As  Pa 

Assuming  y-  1.28  for  afterburner  operation. 


5.  13 


The  ideal  gae  flow  parameter,  Wgg  yTtg/Pa  A8»  l*  plotted 
as  a  function  of  Pt8^pa  *n  9.  17  and  9. 18. 

With  a  converging -diverging  nossle  the  gas  flow  near  the  nosale 
exit  where  the  tailpipe  instrumentation  is  located  (as  with  a  swinging 
rake)  becomes  supersonic.  Since  in  this  case  a  detached  shock  stands 
ahead  of  the  total  pressure  probe  it  is  necessary  to  compute  Mach 
number  from  the  Rayleigh  supersonic  pitot  formula. 


(  ^  M2) 


1 


<tt4  m2  -  T- 


v+ 


5. 15 
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Us©  of  this  equation  demands  the  measurement  of  static  pressure 
which  is  quite  sensitive  to  flow  alignment.  Yaw  angles  encountered  at 
the  nozzle  exit  are  not  large  enough  to  cause  significant  errors  in 
total  pressures,  but  may  produce  sizeable  errors  in  static  pressure 
measurement  (  referen  e  paragraph  6.6.1). 

Determination  of  airflow  from  tailpipe  instrumentation  is  further 
complicated  by  difficulties  in  measuring  exhaust  gas  temperatures, 
particularly  in  afterburning,  and  is  probably  the  least  accurate  of 
the  three  methods  described. 


=!F<~TrON 

IN  n.IOHT  TTIPITST  MEASUREMENT 

6.1  IN7  ’■  1  iPVCTION 

Practical  ap;  ’  ■cations  pleasuring  the  mornentum  change  of  the 
internal  flow  to  obtain  in  flight  'irust  of  turbojet  engine*  in  aircraft  will 
^e  pteaer'cH  In  this  section.  The  thrust  proceed  by  a  simple  jet 
engine  with  fixed  exhaust  nozzle  ia  considered  in  detail  in  the  following 
paragraph.  More  advanced  engines  with  afterburners,  ejectors  and 
variable  area  exhaust  nozzles  are  then  considered  In  succeeding 
paragraphs . 

6.  2  FIXED  EXHAUST  NOZZLE 

With  subcrltical  flow  it  is  assumed  that  the  static  pressure  at 
the  nozzle  expands  to  ambient  pressure  and  gross  thrust  is  defined  by 
the  equation. 


F 


g  = 


Vg 


6.  1 


where 

wgg  =  weight  flow,  Ib/sec 
Vg  =  exit  velocity,  ft/sec 
Fv  =  velocity  thrust,  lb 

Substituting  equations  5.  1,  5.  2,  and  5.  3  in  equation  6.  1  we  have, 


2 

Fg  =  P,flA8VM8 


Substituting  equation  5.  5 


F 


g 


Ps8  As 


1 


6.  2 


6.3 
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v  r. 


list  v  o 


V-  1 

Setting  { jr^*  )  ^  —  1  -  X  and  -  P*. 


Xg.  ..  3/0  l-J.\  1 


where 

Pa  -  ambient  ptcti'iio,  ‘‘ll^ 

Ag  =  nozzle  ere*.  It 
Y  *  1.33 

Subcritical  flow  cun  only  be  Achieved  at  low  power  toiling*  el  low 
altitude*.  The  flow  la  supercritical  for  nearly  ell  la-ilight  condition* 
where  thrust  measurement  i*  desired,  (i.o.  ,  the  flow  In  an  Ideal 
converging  nozzle  is  choked  and  the  Mach  number  at  the  noazle  exit  1* 
unity).  In  thie  case  Pag  rise*  above  P*  and  the  gross  thrust  is  made 
up  of  velocity  thrust  (Fv)  and  pressure  thrust,  (Fp). 


Fp  *  Ag  (P,8  -  P*) 

X 

Fp  =  Ag^Ptg  )  V"1  -paJ 


Adding  velocity  thrust  and  pressure  thrust  the  following  equation  may 
be  written 


(Y  +  1)  -  l 


6.  7 


substituting  constants, 

plgg  *  70.727  (1.259-^  -  i) 


6.9 
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The  assumption  that  Y  =  1.33  is  made  with  a  suitable  degree  of 

accuracy  since  the  variation  in  Y  with  exhaust  gas  temperature  may 
range  from  about  1.  32  to  1.  36,  but  this  variation  causes  a  change  in 
(2/ Y+l)  y/y-I^y+i)  of  less  than  0.  5  percent. 

The  ideal  gross  thrust  parameter,  Fg/Pa  Ag,  from  equations  6.4 
and  6.  8  has  been  plotted  as  a  function  of  Ptg/Pa  Charts  9.  19  and  9.  20. 

The  preceding  derivations  are  based  on  an  ideal  nozzle  assuming 
isentropic  one  dimensional  flow.  This  condition  ie  not  completely 
realized,  however.  A  correction  factor  must  be  applied  to  account  for 
deviations  from  an  ideal  nozzle  as  well  as  losses  from  wall  friction  and 
errors  in  pressrre  measurement. 

The  correction  factor  for  computing  thrust  (nozzle  thrust  coefficient) 
is  defined  as: 


Cf  = 


“HT" 


theoretical 


where 

Fgactuai  l®  the  mechanically  measured  thrust 
Fg/AgPa  is  the  theoretical  gross  thrust  parameter 
A  is  nozzle  area,  ft^ 

Pa  is  atmospheric  pressure,  "Hg 

Differences  in  thrust  coefficient  exist  between  engine -tailpipe 
combinations  of  the  same  model.  Consequently,  for  most  accurate  in¬ 
flight  thrust  measurements,  a  ground  static  calibration  of  each 
installation  should  be  made  and  repeated  If  the  engine  or  tailpipe  or  both 
are  changed.  When  this  is  done  the  nozzle  total  pressure  ratio  may  be 
measured  satisfactorily  with  a  single  probe.  Static  thrust  calibrations 
may  be  obtained  with  the  aircraft  mounted  on  a  thrust  stand  or  with  a 
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bare  engine  to  which  a  beilmouth  inlet  is  attached.  When  installed 
thrust  is  determined  on  a  thrust  stand,  pressure  gradients  are  set 
up  from  air  entering  the  inlet  duct  which  may  result  in  pressure  forces 
and  give  erroneous  gross  thrust  readings.  This  effect  is  likely  to  be 
most  pronounced  on  high  speed  aircraft  whose  inlet  total  pressure 
recoveries  are  quite  low  at  zero  forward  speed.  In  a  beilmouth  inlet 
pressure  drops  and  consequently  pressure  forces  are  minimized. 

The  maximum  pressure  ratios  obtained  during  static  thrust 
calibrations  are  less  than  those  encountered  in  flight,  except  with  low 
power  settings  a’,  low  altitudes.  Pressure  ratios  of  2  to  2.  5,  depending 
on  ambient  temperature,  are  generally  found  statically  while  values  of 
3  to  3.  5  are  typical  for  cruise  conditions  and  may  be  as  high  as  10  or 
more  at  high  speeds  and  altitudes.  Consequently,  thrust  coefficient 
data  obtained  during  static  conditions  must  be  extrapolated  to  higher 
nossle  pressure  ratios  in  order  to  compute  thrust  in  flight.  For  a 
simple  conical  nossle  the  value  of  thrust  coefficient  is  constant  at 
about  0.98  for  nossle  pressure  ratios  greater  than  about  1. 9  as  shown 
in  Figure  6.  1. 
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Thrust  oefnc 


O 


i  lUj 


VI.  ■ 


£>U 


Nuzzle  pressure  ratio,  tg 

PT 

Figure  6.1 

Thrust  Coefficient  for  Simple  Conical  Nozzle 


Gross  thrust  can  then  be  calculated  for  in-flight  values  of  Ptg/pa 
using  the  following  equations. 


Subcritical 

Fg  *  570.  13  PaAgCfX 
Supercritical 


Fg  =  70.727  PaAgCf  (1.259 
Ram  drag  has  been  previously  defined  as 


mi V0 . * 


wa 

g 


vaircraft 


where 


6.  d 


6,  10 


*  inlet  airflow,  Ib/sec 

Substituting  units  the  following  equation  may  be  written 


e  - 


0525  wa  V|t 


6.  11 
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where 


Vtt  =  airplane  teat  day  true  speed,  knota 

Engine  airflow  ia  determined  by  one  of  the  three  methode  described 
in  Section  5. 

If  tailpipe  inatrumentation  is  used,  the  calculated  gas  flow  ia 
generally  assumed  equal  to  the  inlet  airflow.  This  assumption  is 
normally  satisfactory  since  the  fuel  added  makes  up  only  about  2  percent 
of  the  airflow  and  ia  approximately  the  compressor  leakage.  Also,  a 
gas  flow  coefficient  must  be  applied  to  the  calculated  theoretical  gas 
flow  to  account  for  the  same  deviations  from  ideal  nozzle  flow  as  the 
nozzle  thrust  coefficient. 

6.  3  THRUST  AUGMENTATION 

Methods  of  obtaining  thrust  augmentation  which  are  in  general  use 
are  afterburning  and,  to  a  lesser  extent,  water  injection.  Afterburning 
is  considered  in  this  section  and  water  injection  in  Section  7. 

The  tuibojet  engine  may  have  its  thrust  increased  by  a  substantial 
amount  by  burning  additional  fuel  in  the  turbine  exhaust  ahead  of  the 
exit  nozzle.  This  is  possible  since  the  quantity  of  air  passing  through 
the  engine  is  about  four  times  that  required  for  combustion,  and  the 
remaining  75  percent  is  capable  of  supporting  additional  combustion  if 
more  fuel  is  added.  An  afterburner  ie  made  up  of  only  four  fundamental 
parts;  the  afterburner  duct.fuel  nozzles  or  epraybars,  flame  holders, 
and  two 'position  or  variable  area  exhaust  nozzle. 
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Figure  6.2 

Afterburner  Components 


The  thruet  of  an  engine  with  afterburner  may  be  computed  as  for  a 
simple  jet  engine.  Thrust  coefficient  data  should  be  obtained  during  static 
thrust  calibrations  with  the  afterburner  both  on  and  off  (reference  Figure 

6.3). 


Thrust  Coefficient  for  Engine  with  Afterburner  snd 
Two  Position  Nozr.le 
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Measurement  of  nozzle  total  pressure  becomes  more  difficult  with 
an  afterburner-equipped  engine  because  of  much  higher  temperatures  at 
the  nozzle.  A  rake  may  be  mounted  across  the  diameter  of  the  nozzle 
but  since  the  rake  is  located  in  the  extremely  hot  gas  stream  some 
method  of  cooling  (such  as  with  compressor  bleed  air)  is  essential.  Also, 
such  a  rake  is  subject  to  deterioration  from  the  ertreme  heat  and  will 
probably  be  rather  short  lived.  When  testing  bare  engines  in  test  chambers, 
water-cooled  rakes  mounted  at  the  exhaust  nozzle  are  generally  used  but 
have  not  been  found  suitable  for  installation  in  aircraft. 

nother  means  of  determining  jet  thrust  is  from  turbine  outlet  pressure, 
(usually  from  probes  installed  by  the  engine  manufacturer).  The  relationship 
shown  in  Figure  6.4  to  determine  nozzle  total  pressure,  Ptg,  from  turbine 
outlet  total  pressure,  Ptj.  msy  be  obtained  from  engine  calibrations  in 
a  test  chamber.  For  this  relationship  to  be  valid  flow  at  the  exhaust  nozzle 
must  be  choked.  Ptg  la  measured  with  a  water-cooled  rake.  (Losses  in 
total  pressure  between  stations  5  and  8  are  incurred  largely  by  friction 
losses  across  the  flameholder). 


Figure  6.4 

Afterburner  Pressure  Drop 
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To  determine  gross  thrust  from  turbine  outlet  total  pressure  and 
curves  similar  to  those  in  Figure  6. 4,  equation  6.  10  may  be  modified 
to: 

Fg  =  70.  727A8Cf  [l .  259Pt5  (1  -  )  -  Pa]  6.11 

6.4  EJECTOR 

An  exhaust  ejector  as  illustrated  in  Figure  6.  5  may  be  used  to  pump 
tailpipe  cooling  air.  A  properly  designed  ejector  provides  adequate  cooling 
with  the  afterburner  operating  but  does  not  severely  penalise  performance 
at  cruise  power  settings. 


Figure  6.5 

Typical  Convergent  Ejector  installation 
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Secondary  flow  originates  at  an  intake  in  the  vicinity  of  the  engine 
air  induction  system  inlet,  or  may  stem  from  bleed  passages  Located 
in  the  induction  system  subsonic  diffuser.  The  secondary  air  then 
passes  through  the  engine  compartment,  where  it  serves  as  a  cooling 
medium,  and  is  subsequently  exhausted  through  the  ejector  outlet.  In 
addition  to  the  converging  ejector  shown  in  Figure  6.5,  either  cylindrical 
or  converging-diverging  ejectors  may  be  employed.  With  a  properly 
designed  ejector,  flow  may  be  made  to  approach  idealized  flow  through  a 
converging-diverging  nozzle,  as  described  in  paragraph  6.  5. 

The  geometry  of  an  ejector  is  critical  for  obtaining  satisfactory 
ejector  performance.  The  parameters  diameter  ratio,  Dp+8/Dp,  and 
spacing  ratio,  L/Dp,  are  used  to  describe  ejector  geometry.  The 
spacing  ratio  should  not  be  so  large  that  expansion  of  the  primary  flow 
within  the  ejector  results  in  impingement  on  the  inner  surface  of  the 
ejector.  Also,  the  diameter  ratio  should  not  be  large  enough  to  cause 
circulation  of  external  air  over  the  shroud  trailing  edge,  with  a  resulting 
reduction  in  secondary  flow  rate  and  an  increase  in  base  drag.  Typical 
fiwd  ejector  configurations  are  generally  defined  by  spacing  ratios  of 
approximately  0.  40  and  diameter  ratios  of  approximately  1. 20. 

The  addition  of  an  ejector  to  an  engine  installation  further  complicates 
the  measurement  of  net  thrust.  In  addition  to  the  measurement  of 
primary  thrust,  the  ram  drag  and  gross  thrust  of  the  secondary  flow  must 
also  be  considered. 

This  thrust  contribution  may  be  stated  as: 

C  sta  8 

Fnej  *  ^  V.  +  (P,8-  P»)Ab-  J  (Pw  -  P*)dAw  -  ^  Vt  6.12 

sta  9 


where 

Fnej  ~  ejector  net  thrust 
w8  =  secondary  weight  flow 
V,  =  secondary  flow  speed 
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Peg  =  static  pressure  of  secondary  flow  at  station  8 

Pa  =  ambient  pressure 

Ag  -  area  of  ejector  at  primary  nozzle  exit 
Pw  =  ejector  wall  static  pressure 

A^  =  projected  ejector  area  between  stations  8  and  9 
Vt  =  airplane  true  speed 

The  velocity  thrust  (first  term  on  right  side  of  equation  6.  12)  may 
be  modified  using  methods  similar  to  those  in  Section  6,  resulting  in 
equation  6.13: 


(Pag-PaJ-A-e 


sta  8 

(Pw-Pll)dAw 


sta  9 


w, 


6.13 


The  secondary  passage  usually  contains  nozzle  actuators  and  other 
equipment  so  that  a  uniform  velocity  profile  is  not  obtained  and  accurate 
measurement  of  secondary  total  and  static  pressure  is  difficult.  A  high 
degree  of  accuracy  in  total  pressure  measurement  is  not  required, 
however,  since  the  secondary  velocity  thrust  is  small  relative  to  the 
primary  thrust.  A  detailed  survey  of  static  pressures  at  station  8  and 
axially  along  the  ejector  shroud  is  required  in  some  installations.  Such 
installations  include  those  in  which  over 'expansion  of  the  primary  jet  occurs 
with  a  resulting  shock  wave  system  within  the  ejector,  and  those  in 
which  large  ejector  included  angles  are  encountered.  In  these  instances 
pressure  forces  become  quite  significant.  When  ejector  included  angles 
are  small,  the  projected  area  Aw  may  be  small  enough  so  that  the 
third  term  in  equation  6.  13  may  be  omitted.  With  cylindrical  ejectors 
Ay,  is,  of  course,  zero. 

The  general  equation  for  determining  net  thrust  for  an  installation 
with  an  ejector  is 
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Fn  =  F  0„+P 


8P 


r  \,-l  "I  rataS 

»A8(~1)  [(^|)YS  ‘  1J  +  (P*8-pa)As-  J  (Pw-Pa)^-^ 

sta  9 


g 

6.  14 


The  primary  gross  thrust,  Fgp,  is  calculated  as  described  in  the 
preceding  paragraph,  and  the  ratio  of  specific  heats  in  the  secondary 
stream,  V  s,  is  assumed  equal  to  1.4. 

Instead  of  the  above  procedures  entailing  internal  pressure 
measurements,  it  may  be  more  desirable  to  gather  data  with  a  swinging 
rake  which  samples  pressures  along  a  cross  section  of  both  the 
primary  and  secondary  jets.  Application  of  the  swinging  rake  to  thrust 
measurement  is  treated  separately  in  paragraph  6.  6. 


3-51 


6.5  CONVERGING  -  DIVERGING  NOZZLE 

A  gain  in  thrusl  may  be  realized  by  replacing  the  more 
conventional  conical  nozzle  with  a  converging-diverging  nozzle. 

The  increased  engine  performance  is  partially  offset,  however, 
by  increased  weight  and  is  obtained  at  the  expense  of  added  controls 
and  mechanical  complication.  The  diverging  portion  of  the  nozzle 
in  operational  turbojet  engines  19  formed  aerodynamically  rather 
than  by  physical  structure  (reference  Figure  6.  6). 


Primary 


Primary  flow 


Figure  6,6 

Schematic  Diagram  of  Aerodynamic 
Con ve rg ing -Dive rging  Nozzle 
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For  optimum  performance  throughout  the  operating  range  it  is 
necessary  to  modulate  both  the  primary  and  secondary  nozzle  areas 
and  the  spacing  ratio,  L/Dp. 

In  a  converging-diverging  nozzle,  idealized  flow  is  supersonic  and 
fully  expanded  at  the  nozzle  exit,  and  the  gross  thrust  is 


'  -  WR  v 

g  "  •  v  e 

6  g 


P.estating  equation  5.4  with  the  Mach  number  equal  to  unity  at 
the  throat 


6.  15 


wgth  =  P®th  Ath^tT^ 


6.  16 


From  the  relations 


and 


P»th  *  Ptth  (  ytt  ) 


life.  «  1+Ui-  M2 


sth 


V 

TTJ 


wc 


■  p“»  (vfr>  *  A>»  Of!) 


6.  17 


.6,  18 


6.  19 


Velocity  at  the  nozzle  exit  may  be  expressed  as 


Ve  =  Me  \/gYRT£ 


6.  20 


From  equation  6.  18 


V.  =  .Me  y^YgTte 


1  +- 


M, 


6.  21 
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Since  the  flow  is  fully  expanded  at  the  nozzle  exit 


and 


6.  22 


6.23 


Substituting  equations  6.  19  and  6.  23  in  equation  6. 15  to  find  gross 
thrust,  _ 

Ff  ■  Pta>  Vri1  (v*»y^«RT>.  [‘ 

8 

6.  24 


Since  Pt  and  Tt  are  constant  in  adiabatic  flow,  Ptth  »  Pte.  and 
Ttth  s  Tte' 

~  ]  6  25 

Forming  the  ideal  gross  thrust  parameter 


f'g  =  p‘«h(yfr>  ^ 
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Equation  6.2b  is  presented  in  graphical  form  in  t~hnrl  9.  21. 

It  has  been  pointed  out  previously  that  in  a  converging  nnr.il"  the 
flow  is  subcritical  at  nozzle  pressure  ranor.  les«s  than  ipprtxin’.'U',!v 
1.85.  At  higher  pressure  ratios  the  convergent  exhaust  nozzle  ’ s 
choked  and  operates  with  a  suprrnitirtl  pressure  rji  ^  In  »|,>« 
the  static  pressure  at  the  exit  is  larger  than  atmospheric  pre  * «  1 1  e ; 
that  ie,  the  gases  are  underexpanded.  In  a  converging -dive rging  tickle 
complete  expansion  occurs  with  idealized  flow,  resulting  in  a  snrnevhat 
higher  thrust  when  the  flow  ie  supercritical  This  difference  in  th  r  < s * 
is  shown  in  Figure  6.  7.  It  can  be  seen  from  this  figure  that  in  suhaonic 
flight  (maximum  pressure  ratios  of  the  order  of  4)  the  gain  in  thrust  is 
too  slight  to  warrant  installation  of  a  converging-diverging  nozzle.  In 
supersonic  flight,  however,  where  the  pressure  ratios  become  much 
higher,  a  substantial  increase  in  thrust  is  possible. 
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Figure  6.7 

Theoretical  bod  in  Thrust  Due  to  Underexpansion 
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6.  6  SWINGING  RAKE 


Stationary  air-cooled  probe9  located  in  the  nozzle  exit  have  been 
employed  with  adequate  results.  Probes  of  this  sort  are  subject  to 
damage  from  hign  temperatures,  however.  Swinging  rakes  may 
provide  the  hest  means  for  measuring  the  jet  thrust  of  more  advanced 
engines,  such  ae  those  with  afterburners  and  ejectors.  Rakes  of  this 
design  are  normally  stowed  outside  the  jet  exhaust  where  they  are 
cooled  by  freeatream  air.  They  are  driven  across  the  tailpipe  when 
data  »s  being  recorded  in  about  4  or  5  seconds,  so  that  prolonged 
exposure  to  the  hot  jet  is  avoided  and  a  cooling  system  is  not 
required.  The  thrust  contribution  of  an  ejector  together  with  the  thrust 
created  by  the  basic  engine  may  be  computed  from  data  obtained  with 
a  swinging  rake.  Also,  better  mean  values  of  pressure  are  obtained 
with  a  swinging  rake  than  with  a  fixed  probe,  although  pressures  are 
still  measured  along  only  one  cross  section. 

The  jet  of  high  performance  engines  expands  rapidly,  particularly 
at  high  power  settings,  resulting  in  Mach  numbers  which  are  well 
supersonic  downstream  of  the  nozzle.  Hence,  it  is  desirable  to 
measure  both  total  and  static  pressures  at  a  common  point  in  a  plane 
as  near  the  nozzle  exit  as  possible.  Several  different  designs  have 
been  utilized,  although  none  of  them  satisfy  this  condition  exactly. 
These  designs  include  installations  which  sense  both  total  and  static 
pressures  on  the  same  probe,  and  those  which  sense  pressures  on 
different  probes  but  in  the  same  plane  (reference  Figure  6.8). 
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Figure  6.8 

Various  Designs  of  Swinging  Hakes 


In  designs  similar  to  that  shown  in  Figure  6.8  (a),  the  probes 
should  be  as  close  as  possible  without  creating  excessive  aerodynamic 
interference.  Another  type  of  installation  which  is  perhaps  the  best 
compromise  for  obtaining  both  total  and  static  pressures  at  the  same 
point  makes  use  of  a  pitot -static  probe  with  static  pressure  measured 
on  a  conical  surface. 

6.  6.  1  Sources  of  Error: 

Little  information  is  available  on  the  flow  angularities  which 
exist  at  the  nozzle  exit.  Flow  angularities  of  approximately  15  to  20 
degrees  due  to  swirl  of  the  primary  jet  should  be  expected  based  on  NACA 
Research  Memorandum  E57H28,  "Experimental  Results  of  an  Investigation 
of  Two  Methods  of  In-Flight  Thrust  Measurement  Applicable  to  Afterburning 
Turbojet  Engines  with  Ejectors",  by  Harry  E.  Bloomer.  No  significant 
effect  on  total  pressure  results  from  flow  angles  of  this  magnitude  with 
an  adequately  designed  pitot  tube.  Static  pressures  are  subject  to 
quite  substantial  errors,  however,  as  shown  by  Figure  6.9  extracted 
from  RM  E57H28. 
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Indicated -preaeure  ratto,  pr/  rr 

Static -pr.aaocc  correction  ratio;  .Utlc-prca.ur,  critic.  5.5  di.c.t.r.  behind  prob.  no., 
diameter*  ahead  of  rake  body. 

Figure  6.9 


As  is  pointed  out  in  tins  memorandum,  it  would  seem  that 
large  errors  in  thrust  measurement  might  result  with  supersonic 
flow  since  the  static  pressure  is  used  to  correct  the  total  pressure 
for  bow  shock.  Errors  in  static  pressure  are  not  as  serious 
might  be  anticipated,  as  demonstrated  in  Figure  6.10  which  shows 
variations  in  gross  thrust  from  errors  in  static  pressure. 


Error  in  F  /A  vs  Nozsle  Pressure  Ratio  for 

g 

Assumed  Errors  in  Static  Pressure 

Exact  information  on  /aw  angles  cannot  be  expected  for  flight 
test  installations.  Approximate  corrections  can  be  made,  however, 
to  bring  static  pressures  to  within  sa/  tlO  percent  of  their  true 
values  and  keep  the  error  in  gross  thrust  caused  by  inaccuracies 
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in  static  pressure  to  within  +1  percent. 

Constant  values  of  Y  »  (1.33  for  non -afterburning  and  1. 28  for 
afterburning),  may  be  used  for  the  entire  awing  without  introducing 
significant  errors.  Errors  in  total  pressure  may  be  introduced  by 
lag,  particularly  during  the  portion  of  the  traverse  where  pressure 
gradients  are  large.  Lag  errors  may  be  minimized  by  averaging 
pressures  taken  during  traverses  in  opposite  direction's.  The  accurate 
determination  of  probe  position,  from  which  nozzle  area  is  found, 
is  necessary  for  achieving  satisfactory  accuracies  in  thrust  computation. 
Measurement  of  probe  position  is  made  more  difficult  by  possible 
bending  of  the  rake  body  from  aerodynamic  forces  and  thermal  stresses. 

6.6.2  Calculation  of  Gross  Thrust: 

The  following  equation  may  be  used  to  compute  thrust  with 
a  swinging  rake: 

Y  -  1 
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Static  pressures  are  first  corrected  for  yaw  angle. 

Indicated  total  pressures  are  used  directly  when  the  flow  is  subsonic. 
With  supersonic  flow  the  total  pressure  behind  a  detached  shock  is 
sensed.  In  this  case  Mach  number  may  be  computed  from  the  Rayleigh 
supersonic  pitot  formula  (reference  Chart  9.  22), 
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The  isentropic  relation, 
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Pressure 


maybe  used  to  determine  P  to/P*g 

The  area  included  by  the  probe  traverse  is  computed 
from  a  calibration  of  the  angular  displacement  of  the  probe  from 
the  vertical  centerline  versus  distance  from  the  center  of  the  nozzle. 
Pressures  may  then  be  plotted  as  illustrated  in  Figure  6.  11. 


Figure  6.11 

Typical  Total  and  Static  Preaaure  Dlatributiona 
from  Swinging  Rake 


Gross  thrust  may  be  computed  from  equation  6.  11  uaing  a 
mechanical  integration  procedure,  by  summing  values  of  AFg  calculated 
from  average  Pt9  and  average  over  AA  (reference  Figure  6.  11). 

Thia  procedure  involves  rather  lengthy  calculations  and  is  not  adaptable 
to  teat  programs  where  large  quantities  of  data  are  processed.  Here,  a 
machine  solution  which  makes  use  of  curve  fits  of  total  and  static  pressure 
distributions  is  virtually  essential. 
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SECTION  7 
WATER  INJECTION 


7.  1  INTRODUCTION 

Thrust  augmentation  may  be  obtained  by  injecting  water  or  other 
liquids  into  the  airstream  anywhere  from  the  compressor  inlet  to  the 
rear  of  the  burner.  A  mixture  of  water  and  methyl  alcohol  is  frequently 
used.  The  alcohol  prevents  freeaing  and  also  provides  additional  heating 
which  compensates  for  the  heat  lost  through  evaporation  of  the  water- 
alcohol  mixture.  The  additional  heat  is  supplied  when  the  alcohol  burns. 
Water -alcohol  is  usually  injected  in  the  compressor  inlet,  in  the 
combustion  chamber  or  at  both  locations  simultaneously.  An  increase  in 
thrust  from  about  10  to  25  percent  can  be  obtained,  depending  on  the 
type  of  installation,  amount  of  water  injected  and  the  flight  conditions. 

This  increase  in  thrust  is  achieved  at  very  high  total  liquid  flow  rates 
and  can  be  employed  for  only  short  periods  of  time.  Consequently,  the 
use  of  water  injection  is  generally  limited  to  improving  take-off 
pvrformance. 

Compared  to  afterburning,  water  injection  is  less  efficient  and 
more  limited  in  the  augmentation  ratios  which  can  be  obtained.  Water 
injection  does  have  the  advantage  of  simplicity  of  installation  and  operation 
and  does  not  entail  ae  large  an  installation  weight  penalty  as  afterburning. 
Also,  a  performance  penalty  is  not  incurred  during  cruise  as  is  the  case 
with  an  afterburner  installation.  For  relatively  small  short  duration 
thrust  increases,  water  injection  may,  therefore,  be  the  more  suitable 
of  the  two  systems. 

7.  2  INJECTION  IN  THE  COMPRESSOR  INLET 

Water  injection  in  the  compressor  inlet  has  the  advantage  that  a 
greater  amount  of  thrust  augmentation  is  produced  per  pound  of  liquid 
injected.  Increases  in  thrust  are  produced  from  the  three  following 
effects: 
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1.  The  mas*  flow  la  increased.  Some  of  this  increase  is  due  to 
the  mass  of  the  injected  liquid,  and  some  from  a  reduction  in 
compressor  inlet  temperature.  It  is  theoretically  possible  to 
cool  the  inlet  air  to  the  saturation  temperature  before  it  enters 
the  compressor.  The  air  is  not  cooled  to  that  extent  in 
practice,  however,  since  the  rate  of  evaporation  is  limited 
principally  by'spray  droplet  size  and  air  turbulence.  As  the 
spray  passes  into  the  compressor,  further  cooling  is  obtained 
by  additional  evaporation  during  the  mechanical  compression 
process. 

2.  Vv3  power  required  to  operate  the  compressor  at  a  constant 
pressure  ratio  is  decreased.  This  is  also  caused  by  the  lowered 
inlet  temperature  which  decreases  the  required  change  in 
enthalpy  necessary  to  perform  a  given  amount  of  compression. 

3.  A  higher  pressure  ratio  from  the  compressor  is  obtained. 
This  increased  pressure  ratio  is  attributed  to  the  increased 
density  of  the  gases  flowing  through  the  compressor. 

Further,  the  decrease  in  compressor  discharge  temperature  tends 
to  be  reflected  in  a  lower  exhaust  gas  temperature.  Although  the  Ibwersd 
compressor  power  input  requirement  tends  to  increase  exhaust  gas 
temperature,  the  net  effect  is  generally  to  produce  a  lower  temperature. 
Hence,  more  fuel,  with  higher  mass  flows,  is  added  to  the  combustion 
chamber  in  order  to  retain  the  same  exhaust  gas  temperature.  These 
effects  combine  to  increase  the  thrust  output. 

7.3  COMBUSTION  CHAMBER  INJECTION 

Thrust  may  be  increased  by  injecting  water  or  a  water-alcohol 
mixture  into  the  combustion  chamber.  The  turbine  inlet  pressure  is 
increased  thereby,  and  a  higher  total  mass  flow  results.  The  total 
mass  flow  tends  to  be  reduced,  however,  due  to  changing  the 
equilibrium  running  conditions  of  the  compressor  with  the  addition  of 


water  injection.  The  compressor  pressure  ratio  is  increased 
while  ihe  compressor  rotative  speed  remains  constant,  so  that 
the  airflow  is  reduced.  Hence,  the  amount  of  augmentation  is 
dependent  on  the  operating  characteristics  of  the  compressor. 
(See  Figure  7.1). 


Figure  7.1 

Simplified  Compressor  Performance  Chart 
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At  equilibrium,  the  compressor  flow  is  lower,  but  the  turbine 
and  nozzle  exit  flow  is  higher  as  is  the  nozzle  pressure  ratio 
and  consequently  ('.trust.  Compressor  surge  will  limit  the  amount  of 
liquid  which  can  be  injected  into  the  combustion  chamber.  Practical 
increases  in  thrust  are  limited  for  this  reason  to  about  15  to  20  percent. 
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SECTION  a 
DATA  REDUCTION 

8.  1  CONVERSION  OF  ESTIMATED  PERFORMANCE  CURVES 
TO  CORRECTION  PLOT  (Fn/ 6t2  versus  N /  fOa) 

1.  Mach  number  desired 

2.  Pt2/Pt0  ^rorn  plot  of  Pt2/PQ  versus  M 

3.  Pto/Pa  =  (1  +  -2M2)3-5 

4.  Pt2/Pa,  (2)x(3) 

5.  N/V^ai  select  values  to  cover  the  flight  range 

6.  (Tt2/Ta)^2  =  ( l  +  .  2M2)^ 

7.  N  /yjQtz,  (5) /(b) 

8.  Fg/6t^  from  engine  manufacturer's  estimated  gross  thrust 

curves  at  (4)  and  (7) 

9.  waV®t2/®t2  from  engine  manufacturer's  estimated  airflow 

curves  at  (4)  and  (7) 

10.  Fe/6t2.  (9)  x(l)x  34.73/(6) 

11.  Fn/6t2.  (8)  -  (10) 

12.  Plot  (11)  versus  (5)  for  Mach  numbers  selected  in  (1) 


8.  2  DETERMINATION  OF  EXHAUST  GAS  TEMPERATURE,  RPM  AND 
NET  THRUST  CORRECTIONS  FOR  OFF -STANDARD  EXHAUST 
GAS  TEMPERATURE 

1.  Tt5t»  test  exhaust  gas  temperature 

2.  Nt,  test  engine  speed 

3.  Ngl  standard  engine  speed 
4*  8att  Tat/TagL 

5.  ©as*  Tas/Tagj^ 

6.  Tt5t/8at.  (D/(4) 

7.  Nt/fot.  (2)/\tf4j 

8.  N,/  ^Oas.  (3)/  VTsT 
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9.  allowable  exhaust  gas  temperature 

10.  Ttc  / 0ao,  corrected  maximum  allowable  exhaust  gas 

-’max  ° 

temperature,  (9) / ( 5) 

11.  Tt58/0a9,  standard  corrected  exhaust  gas  temperature 

corresponding  to  (8)  from  plot  of  (6)  and  (7)  at  (8) 

Case  I:  (11)  less  than  (10) 

12‘  Tt53,  (11)  x  (5) 

13.  AFn/6t2  from  plot  of  Fn/6t^  versuB  N/Vo'a  at  (7)  and  (8) 

Case  11:  (11)  greater  than  (10) 

14.  (N/  V®as)max'  corrected  rpm  corresponding  to  (10)  from 

plot  of  (6)  and  (7)  at  (10) 

15.  Nmax,  standard  maximum  engine  speed,  (14)  x  (5) 

16.  AFn/6t2  *rom  plot  of  Fn/^ti  versus  N/  (14)  and  (7) 

8.3  DETERMINATION  OF  NOZZLE  THRUST  COEFFICIENT 

1.  F_  from  the  mechanical  thrust  measuring  equipment 

gactual 

2.  Ag  from  measurements  of  the  exhaust  nozzle 

3.  Pa,  static  pressure  to  which  the  nozzle  is  discharging,  from 

barometer  or  altimeter 

4.  Ptgi  instrument  corrected  total  pressure  from  probe(s) 
located  in  exhaust  nozzle 

5.  Ptg/Pa,  nozzle  pressure  ratio,  (4)/(3) 

6.  (Fg/AsPJa,^,  theoretical  gross  thrust  parameter  from 

Chart  9.  17  or  9.  18  and  (5) 

7.  <’VA8P.)iictuil  U>/(2)  (J) 

8.  Cf,  nozzle  thrust  coefficient,  (7)/(6) 

9.  Plot  (8)  versus  (5) 
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Total  Pressure  Recovery,  Pt£/Pa 


Chart  9  .  1  RELATION  BETWEEN  TOTAL  PRESSURE  RECOVERY  AND 
RAM  EFFICIENCY 


Mach  Number,  M0 
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Chart  9.2  TOTAL  PRESSURE  RECOVERY  FOR  INLETS  WITH  SHARP  LIPS 


o 
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Chart  % .  3  TURBULENT  BOUNDARY  LAYER  THICKNESS  FOR  FLAT  -  PLATES  AT  ZERO 
ANGLE  OF  ATTACK  AS  A  FUNCTION  OF  FLIGHT  SPEED  AND  ALTITUDE 


kne»t 


Chart  9 .4  (a)  PRESSURE  RECOVERY  OF  BOUNDARY  LAYER  AIR 
ADMITTED  INTO  SIDE  -  INLET  INSTALLATION  - 
TURBULENT  FLOW 
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Total  Pressure  Recovery,  Pt/Pt  ,  of  Injeeted  Air 


Chart  9  .4(b)  PRESSURE  RECOVERY  OF  BOUNDARY  LAYER 

AIR  ADMITTED  INTO  SIDE-INLET  INSTALLATION 
-  LAMINAR  FLOW 
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Chart  9.5  TOTAL  MOMENT U! 

HEIQHT  TO  BOUND 
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Chart  9.  7  TOTAL  PRESSURE  LOSS  IN  COMPOUND  SUBSONIC  DIFFUSER  BENDS 
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Total  Prauurc  Ratio,  P./P, 


Total  Pressure  Ratio 


Chart  9.9  TOTAL  PRESSURE  RATIOS  FOR  2  -  DIMENSIONAL 
2  -  SHOCK  COMPRESSION 


Flow  Deflection  Angle,  6,  Deg. 
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3  -  SHOCK  COMPRESSION 


Flow  Deflection  Angle, 


Total  Preature  Rat'.o,  P.  /P. 


Chart  9.  1  1  TOTAL  PRESSURE  RATIOS  FOR  CONICAL  2-SHOCK 
COMPRESSION 
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Chart  9  .12  MACH  NUMBER  CHANGE  THROUGH  AN  OBLIQUE  SHOCK 
FOR  A  TWO  DIMENSIONAL  WEDGE 
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Total  Pressure  Ratio 


Chart  9.13  TOTAL  PRESSURE  RATIO  ACROSS  AN  OBLIQUE  SHOCK 
FOR  A  TWO  DIMENSIONAL  WEDGE 


3-82 


Chart  9.14  THEORETICAL.  ADDITIVE  -  DRAG  COEFFICIENTS  FOR  OPEN  -  NOSED  INLETS 


Mass  -  flow  ratio, 


Chart  9  15  THEORETICAL  ADDITIVE- DRAG  COEFFICIENTS 

FOR  ANNULAR  NOSE  INLETS  WITH  CONICAL  FLOW 
AT  THE  INLET 


I  « 


(c)  Cone  half-angle  25*  (d)  Cone  half-angle  30 
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Cowl  position  parameter.  «j.  deg.  Cowl  position  parameter,  deg. 


Chart  9.17  IDEALIZED  GAS  FLOW  WITH  SUB  CRITICAL  OPERATION 
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NOZZLE  PRESSURE  RATIO, 


.  18  IDEALIZED  GAS  FLOW  WITH  SUPERCRITICAL  OPERATION  -  CONVERGING  NOZZLE 


NOZZLE  PRESSURE  RATIO, 


NOZZLE  PRESSURE  RATIO, 


IDEAL  GROSS  i.  RUST  PARAMETER,  F  /AP 


Chart  9.19  GROSS  THRUST  PARAMETER  VERSUS  NOZZLE  PRESSURE 
RATIO  WITH  SUBCR1TICAL  OPERATION 


NOZZLE  PRESSURE  RATIO, 
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Reproduced  from 
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GROSS  THRUST  PARAMETER  VERSUS  NOZZLE  PRESSURE  RATIO  WITH 
SUPERCRITICAL.  OPERATION  -  CONVERGING  NOZZLE 
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NOZZLE  PRESSURE  RATIO.  Pt/P 


GROSS  THRUST  PARAMETER  VERSUS  NOZZLE  PRESSURE  RATIO  WITH 
SUPERCRITICAL  OPERA^ON  -  CONVERGING  NOZZLE 


NOZZLE  PRESSURE  RATIO,  Pt/P_ 


NOZZLE  PRESSURE  RATIO, 


Chart  9.21  GROSS  THRUST  PARAMETER  VERSUS  NOZZLE  PRESSURE  RATIO  WITH 
SUPERCRITICAL  OPERATION  -  CONVERGING -DIVERGING  NOZZLE 
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NOZZLE  PRESSURE  RATIO,  Pt/P. 


GROSS  THRUST  PARA  METER  VERSUS  NOZZLE  PRESSURE  RATIO  WITH 
SUPERCRITICAL  OPERATION  -  CONVERGING-DIVERGING  NOZZLE 
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NOZZLE  PRESSURE  RATIO,  P/l 


TOTAL  -  STATIC  PRESSURE  RATIO,  P'/P 


Chart  9.22  Pt/P*  VERSUS  MACH  (RAYLEIGH  SUPERSONIC  PITOT 


FORMULA) 


MACH  NUMBER 


Chart  9.22  p|/Pb  VERSUS  MACH  (RAYLEIGH  SUPERSONIC 


PITOT  FORMULA) 


MACH  NUMBER 


TOTAL  -  STATIC  PRESSURE  RATIO,  P,/P 

v  V  a 


Chart 


.22  pJ/P^  VERSUS  MACH  (RAYLEIGH  SUPERSONIC 
PITOT  FORMULA) 


MACH  NUMBER 


CHAPTER  FOUR 


LEVEL  FLIGHT  PERFORMANCE 
SECTION  4.1 

Penalty  Altitude  and  Preaauro  Altitude 
Flight  fret  Methods 

Aircraft  leesl  flight  performance  analysis  la  the  prooeee  of  determining 
standard  day  level  flight  charaoterlatlcs  from  data  obtained  during  nonstandard 
oondltlona.  Until  the  advent  of  high  epeed  aircraft  and  the  accompanying  coo- 
preeelblllty  effects  most  flight  teat  data  vere  reduced  by  vhat  la  referred  to 
as  tbs  "Density  Altitude"  method.  With  Jet  powered  aircraft  came  the  necessity 
of  standardising  data  for  what  might  be  oalled  constant  compressibility  con¬ 
ditions,  thus  avoiding  compressibility  corrections.  This  latter  type  of  data 
reduction  is  oalled  the  "Pressure  Altitude"  method. 

The  density  altitude  method  of  flight  test  data  reduction  has  bean  used  and. 
In  many  oases.  Is  still  used  lu  the  speed  range  vhere  the  assumption  of  oonstant 
drag  far  oonstant  true  speed  and  density  altitude  is  valid.  However,  where  ef¬ 
fects  of  compressibility  are  not  negligible  this  method  will  result  Un  erroneous 
standard  day  data.  The  pressure  altitude  method  is  based  on  the  concept  of  . 
maintaining  a  oonstant  pressure  altitude  and  Indicated  air  speed  and  correcting 
data  only  for  temperature  to  obtain  standard  day  performance.  With  these 
Identical  test  and  atandard  day  Indloatsd  air  speeds  the  test  and  standard  day 
NMh  numbers  mill  he  the  same.  This  may  be  easily  seen  by  ezamlnatiNn  of  the 
Maoh  number  equation  (  2.23)  in  terms  of  and  P*. 

It  la  shown  In  aarodynamlo  tbsjry  thAt  total  drag  Is  a  function  only  of 
Maoh  number  if  weight  and  altitude  are  flx^d.  (Reynolds  number  effects  are 
generally  Ignored  In  flight  teat  work. )  These  facts  are  the  basis  far  tbs 
simplicity  and  effectiveness  of  the  pressure  altitude  method  of  flight  data 
reduotlan.  Using  It,  the  performance  engineer  need  make  only  temperature 
ocrreotione  to  his  test  day  data,  and  compressibility  effects  are  automatically 
held  oonstant. 

As  a  general  rule  the  pressure  altitude  method  Is  applied  to  both  recipro¬ 
cating  and  Jet  engine  aircraft.  For,  even  in  the  low  speed  range,  this  method 
simplifies  data  reduotlcc  procedure*  in  all  departments  of  aircraft  performance. 
In  the  oaae  of  neolprooatlng  engine  aircraft  there  Is  one  exception  to  the 
pressure  altitude  method.  In  this  exoopt.lon  a  power  parameter  (PW)  la  plotted 
agilnet  a  speed  parameter  (VUf)  to  obtain  a  single,  standard -day,  weight  cor¬ 
rected,  sea -level,  poser -required  polar  for  all  level  flight  data.  This  PIW- 
TUT  polar  vlll  net  be  valid  In  the  compressibility  epeed  range. 
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SECTION  4.2 


Aerodynamic  Forces  and  Their  Relation  to 
Offline  Power  and  Propulsive  Thruet 

The  aerodynaalo  forces  acting  on  an  airfoil  ara  assumed  to  be  function* 
of  lta  size,  angle  of  attack,  speed,  and  atmoepherlo  conditions  ( temperature , 
pressure,  and  viscosity  of  the  air  through  which  It  Is  flying).  The  two 
primary  forces  acting  on  the  unaccelerating  aircraft  are  called  the  lift  foroe 
and  the  drag  force,  and  these  may  he  defined  hy  generalized  nondimenalonal 
equations : 

Lift  Force  •  f  (angle  of  attack,  size,  speed,  temperature,  (4.201) 

pressure,  visooeity) 

Drag  Foroe  *  f  (angle  of  attack,  site,  speed,  temperature,  (4.202) 

pressure,  visooeity) 

Letting  the  lift  force  equal  the  alroraft  gross  weight,  the  drag  foroe  may  he 
redefined  hy  use  of  the  above  equations. 

Drag  Faroe  “  f  (weight,  size,  speed,  te^erature,  pressure,  (4.203) 
vlsooslty) 

By  the  methods  of  dimensional  analysis  equation  4.203  may  be  transformed  to  tbe 
form  i 


SL  *  f  (  )L  M, 

Pa  \  Pa  /  (4.204) 

(In  this  fora  the  constant  alroraft  site  factor  is  emitted) 
where: 

D  ■  total  alroraft  drag 
P_  ■  atmoepherlo  pressure 
V  -  alroraft  gross  weight 
M  ■  Maoh  number 
Be  -  Reynolds  number 

In  moet  flight  test  alroraft  analysis  the  small  variations  of  data  with 
Reynolds  number  are  negleoted. 

By  lengthy  analytical  methods  It  la  possible  to  develop  a  physical 
equation  that  will  approximately  define  the  drag  foroe. 

D  •  Cj#8  (4.203) 

The  total  drag  ooefflolent,  Cp,  is  further  defined  by  analytical  methods  and 
equals  the  sum  of  the  profile  and  lnduoed  drag  ooefflelents. 

Cp  ■  Cjj  ♦  Cpq  (4.206) 
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With  this  aquation  4.205  becomae 

D  -  CppUs)  «•  CD1(qS)  (4.207) 

The  Induced  drag  coefficient,  Cj^  la  further  defined  by  analytical  method e 

Cw  -  °L2  (4. 208) 


77V*  e 


And  the  lift  coefflolent  Cl  is  defined  by  analytical  methods  aet 

«t  ■  Is  O'-*0*' 

Subetltuting  theee  last  tvo  equations  in  4.207,  a  final  analytical  expression 
for  the  drag  force  Is  obtained. 


D  -  Cjjp(qS)  + 


(4.210) 


(tf» 


vhere: 


q  .  m  0.7  Pa»^ 

V  •  aircraft  gross  weight 
M  •  wing  aspeot  ratio 
8  •  wing  area 

s  •  wing  efficiency  factor  -  Cjf 

(Cj)-Cj jp)“7T  & 

Kxperlnental  wind-tunnel  data  shoe  that  Cjg  la  primarily  a  function  of 
Mach  number  and  lift  coefficient,  remaining  ooostant  until  compressibility  sf  - 
fsots  are  evident  at  (!■  0.7).  In  this  ocapressible  range  Cjf  may  also  he 
appreciably  affected  by  ohangee  In  Cj,.  It  should  be  noted  that  tbs  validity 
and  usefulness  of  all  aircraft  perfanmnoe  parameters  depend  on  the  validity 
of  the  prevailing  assumptions  concerning  Cjp. 

Assuming  Cjjp  to  remain  constant  far  the  speed  range  of  moot  reolpro- 
oatlng  engine  aircraft,  several  functional  mod If 1 oat lone  of  equation  4.210 
may  be  derived  In  terms  of  speed,  Mach  number,  thrust  horsepower,  gross 
weight#  mod  atmospheric  conditions. 


THP  -  CD_oV  Sk,  + 


(4.211) 


oVb^e 


m  this  f 
weight 


(THP)  le  a  function  of  true  velocity,  density  ratio  and  gross 


THP  13=  -  kxCjp  (trv2)3^  +  V2 


(4.212) 
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In  thl«  form  (THPtSr  )  i«  a  function  of  (O'*2)  or  V#2  and  gross  weight. 
ISBff-  .  r__..  tO f  \i!*  .  +  *2 


W  -  (4)  8 


v 


(*♦.213) 


In  thl#  form  (THP  v£^/w^^2)  Is  a  function  only  of  {C^ f\l) 


THP 

pTvt 


^ s  k5  '(?r) 


In  this  form  (THP/Pa  V?^)  ie  a  function  of  Mach  number  and  (w/Pa) 


*  k5  CDP  ^  S 


*(ty 


k6 

tf*  b^  a 


(4.214) 


(4.215) 


In  this  form  (D/?a)  Is  a  function  of  Maoh  number  and  (W/P_).  These  last  two 
equations  are  both  valid  In  the  compressible  speed  range  because  M  and  (v/Pa) 
define  Cpp.  In  the  incompressible  range  Cpp  la  constant  for  all  Maoh  numbers 
and  (V/Pa)'s;  In  the  compressible  range  Cup  as  a  function  of  M  must  be  plotted 
for  separate  (w/p)  parameters.  It  should  be  noted  that  at  a  constant  Maoh 
number  an  Increasing  value  of  (V/Pa)  corresponds  to  an  lnoreaae  in  Cj,.  It 
should  also  be  noted  that  equation  4.204,  derived  by  dimensional  analysis, 
verifies  4.215. 


THP  *  (DkV)/326,  or  BHPx  r\p,  •  thrust  horsepower 
^p  •  Propeller  efficiency 
O’  -  9  9.625  Pa/Ta,  density  ratio 

V  -  True  epeed,  knots 
S  ■  Wing  area,  ft2 
W  «  lbs,  gross  weight 
b2  *  ft?  /ffxS,  wing  span 
e  •  Airplane  efficiency  faotor 
V  'VcF  ■  Ve  *  knots,  squivalsnt  epeed 
Pa  »  lnohes  Hg,  atmoepherio  pressure 
Ta  *  °Belvln,  atmospheric  temperature 
M  •  Mach  number,  v/3 8.94  Vt£,  or  “Vl/ .7  Pa 
D  ■  lbe,  drag  or  propulsive  thrust,  Fn 
kj.  •  1.0414  x  10 ‘5 

kg  -  ,28820 

k,  ■  5.9205  . 

ku  -  7.6885  x  10 
k5  -  49.5089  . 

k^  •  6.4203  x  10"4 

Graphically  equations  4.210  through  4.213  all  take  the  same  general  para' 
hollo  form  as  shown  In  Figure  4.21.  Certain  useful  information  oonosmlng  each 
type  of  plot  is  noted. 
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SECTION  4.3 


Speed  Power  Curvaa  -  Reciprocating  Engine  Aircraft 


Equation  4.214  ia  the  baala  for  the  preaaure  altitude  method  of  level 
flight  data  reduction.  If  a  aeries  of  points  la  flown  at  a  constant  pressure 
altitude  and  weight,  Mach  number  may  be  plotted  against  THP/ V^* 


•v^f  ’  f  (M) 


weight  constant 
pressure  constant 


(4.301) 


Since  engine  brake  horsepower  la  the  desired  power  criteria,  the  difference 
between  brake  horsepower  and  thrust  horsepower  must  be  considered. 


THP  ■■  propeller  efficiency  ('T^  x  BHP 

The  actual  determination  of  the  propeller  efficiency  Is  not  generally  required, 
because  performance  Is  tc  be  measured  In  terms  of  engine  shaft  power.  In  order 
to  Insure  that  the  performance  parameters  are  valid  on  a  standard  day  or  a  test 
day,  it  la  necessary  to  oonaider  the  variation  of  propeller  effloienoy  between 
two  points  flown  at  the  same  Mach  number  and  pressure  altitude  hut  at  different 
temperatures.  Experience  has  shown  that  this  variation  in  propeller  effloienoy 
is  usually  negligible,  so  equation  4.301  is  valid  in  terms  of  brake  horsepower 
for  a  constant  weight  and  a  constant  pressure  altitude. 


jjP  *  f  <M)  (4.302) 

For  oonvenlenoe  in  plotting  the  horsepower  parameter  is  written,  BHPt  Vf^/ 
Vr^t'  where  Ta0  la  the  standard  day  temperature  at  the  pressure  altitude  under 
consideration.  This  notation  haa  a  major  value  in  that  the  radical,  VTRB/Tat, 
equals  unity  on  a  standard  day  and  the  plot  shows  directly  the  standard  day 
horsepower  required  to  produoe  any  given  Mach  number. 


Another  farm  of  pressure  eltltudo  plot  may  be  derived  by  considering  Mach  number 
as  a  function  of  calibrated  speed  (vc)  and  pressure  altitude  (He)  as  defined  in 
Chapter  One. 


BHP  *  f  (Vfl) 


weight  constant 

atmoepherio  pressure  oonatant  (4.303) 


*£rpioal  plots  of  the  horssporer  parameter,  BHP  VT-./T_t,  vs  M  and  V.  are  shown 
in  Figure  4.31. 


From  plots  such  as  those  in  Figure  4.31  A  A  B  the  graphs  of  standard -day 
brake  horsepower  vs  true  speed  may  be  drawn  by  simply  converting  V0  and  H0,  or 
M  and  Tae  for  Hq,  into  standard-day  true  speed.  In  feat .  this  standard  time 
speed  may  be  oenputed  and  plotted  vs  BHP  x  AA^g/T^’  as  in  Figure  4.31  without 
making  the  V0  or  M  plot  shown.  It  should  be  -relneAbered  that  the  aircraft  weight 
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has  been  assumed  constant.  Actually  each  level  flight  at  a  constant  altitude 
vlll  have  to  be  at  a  different  weight  and  will  have  to  be  corrected  to  a  constant 
weight. 


Croas  plots  of  the  BHP  va  plots  and  engine  data  at  the  various  altitudes 
are  made  for  report  presentation  to  show  standard -day  true -speed  altitude  plots 
for  normal  rated  power  and  for  military  power  as  shown  in  Figure  4.J2. 


STD.  TRUE  AIR  SPEED,  Vt§  {Knots) 


Figure  4.31 

Typical  Pressure  Altitude  Speed-Power 
Plots  for  Level  Flight 


Level  flight  Data 
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SECTION  4.4 


Weight  Correct Iona  for  Spaed  Power  Data 
-  Reciprocating  Engine  Aircraft 


The  speed  power  relationships  would  be  completely  defined  If  all  tests  could 
be  run  at  desired  weight  at  constant  pressure  ;  '  ',udes;  however,  varied  test 
conditions  and  fuel  consumptions  generally  make  this  impossible.  A  weight  cor¬ 
rection  Is  usually  made  to  all  data  at  a  given  pressure  altitude  to  sake  It 
represent  a  fixed  weight.  The  standard  weight  is  usually  defined  as  the  weight 
the  aircraft  would  have  if  It  started  at  its  normal  take-off  gross  weight  and 
climbed  to  the  specified  altitude  at  best  climb  power  and  speed  settings.  The 
correction  Is  made  by  considering  the  isolated  effect  of  a  change  of  weight  on 
®®t  ^ae^at  a  constant  Mach  number  or  7 0  and  pressure  altitude. 


Since  the  correction  is  to  be  made  at  a  constant  Maoh-  number  and  will  in¬ 
volve  only  small  changes  In  angle  of  attack,  Cjjp  will  be  assumed  constant. 
Using  equation  4.214  with  Cjip  held  oonstant; 


(4.401) 


Converting  to  brake  horsepower  and  a  oonstant  pressure  altitude,  temperature, 
and  Maoh  number 


(4.402) 


The  values  of  propeller  efficiency  and  airplane  efficiency  within  normal 
flying  epeeda  of  propeller  driven  aircraft  are  approximately  oonstant.  At 
speeds  less  than  30$  greater  than  stall  speed,  differences  between  test  weight"** 
and  standard  weight  should  be  maintained  less  than  20$  unless  detailed  infor¬ 
mation  regarding  and  "e"  is  available.  For  general  work  a  propeller  ef- 

flolensy  of  .83  and  an  airplane  efficiency  of  .77  are  assumed.  Frcm  equation 
4. 402, CHART  4,4l  at  the  end  of  this  chapter  has  been  made  giving  ABHP  VTa fl/Tat 
froai  standard  weight,  change  in  weight,  wing  span,  test  Maoh  number,  and  pressure 
altitude.  Botloe  should  be  taken  that  the  ABHP  VT-./t.,  Is  the  total  change, 
while  speed -power  graphs  usually  present  horsepower/engine . 


A  BHP 


vs 


"M 

"r\p*a  M  b2  e 


^Sk 


where: 


A  BHP 
AW 

ft 


BHPa  -  BHPt 
W„  -  Wt 
7.6885  x  10"* 

O.83,  average  value 
0.77*  average  value 


y 
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DATA  REDUCTION  OUTLINE  (4.4l) 


For  Determining  Veignt-Corrected 
Standard  BHP  Ve  Vt  end  Hc 


(  i) 

Vi 

knots 

(  2) 

AV10 

knots 

(  3) 

w 

wt 

lbs 

(  4) 

AVpo 

knots 

(  5) 

v0 

knots 

(  6) 

H1 

feet 

(  7) 

AHlo 

feet 

(  8) 

AHp0 

feet 

(  9) 

H0 

feet 

(10) 

M 

(11) 

®C 

(12) 

A  tlo 

«c 

(13) 

tlo 

•C 

(14) 

*at 

*C 

(15) 

tas 

°C 

(16) 

(17) 

(18) 

BHPt  V^7tl1 

(19) 

WS 

lbs 

(20) 

AW 

lbs 

(21) 

(22) 

BHPtv  Mf, 

(23? 

vt. 

* 

knots 

124) 

Plot  (22) 

ts  (23) 

Indicated  air  apeed 
Air-speed  instrument  oorractlon 
Grooo  weight  leat,  taka-off  weight  lean 
lbs.  fuel  consumed 

Air-apaad  pooltlon  oorractlon  corres¬ 
ponding  to  (l)  and  (3)  and  calibration 
data 

Calibrated  air  speed  (1)  ♦  (2)  ♦  (4) 
Indicated  pressure  altitude 
Altimeter  Instrument  oorreotlon 
Altimeter  position  oorractlon  corres¬ 
ponding  to  (1)  and  (3)  and  (6)  and 
Sail brat Ion  data 

fPU»  pressure  altitude,  (6)  ♦  (7)+  (8) 
Maeh  number,  from  (3)  and  (9)  and  CHART 

8.5 

Indicated  air  temperature 
Temperature  instrument  Correction 
Indicated  Instrument  corrected  air 
temperature  (ll)  +  (l2) 

Test  free  air  temperature  from  (lO/  and 
(13)  and  CHART  8.2 
Standard  temperature  for  (9) 

V<15)  ♦  273  /  V(l4)  ♦  273 
Test  brake  horsepower  per  engine  from 
torque meter  or  power  chart 
(16)  x  (17),  P«r  engine 
Standard  gross  weight  selected 

<*e  *  wt> 

Horpower  weight  oorreotlon  at  W*, AW, 
b  ,  M  and  altitude,  uelng  CHARTS  4.4l 
thru  4,46 

Weight  corrected  standard  BHP,  (21)  +  (l8) 
Standard  day  true  speed  (10)  x[(l5)  +  273] 
x  38.944  or  CHART  8.5  and  (5)  and  (9) 


Plot  (22)  (2J)  or  (3)  or  (10),  and  (9)  as  shown  ii^  Plgure  4.31 

>4 


The  standard -day,  weight -corrected  BHP  (22)  requires  oarreotlons 
Vo  oarburetor  air  temperature,  manifold  pressure,  turbo  rpm,  and 
exhaust  beak  pressure.  If  the  particular  speed -power  point  Is 
at  full  throttle  the  standard  power  (22)  may.  not  be  obtainable 
and  a  speed  oorreotlon  will  be  in  order.  These  engine  condition 
corrections  are  determined  by  tbe^aethode  of  Chapter  Two. 


A 
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SECTION.  4.J 

Configuration  Change  Corrections  for  Speed  Powr  Data 


The  preceding  seotlona  developed  a  method  for  determining  apeed  v*  power  at 
specified  weights,  altitudes,  and  fixed  configurations.  From  thle  data  general  - 
i  tat  lone  must  be  made  to  allow  computation  of  perfomanoe  at  all  possible  weights* 
altitudes,  and  configurations.  For  reoiprooatlng  engine  power  alroraft  these 
ocnputatione  are  all  node  on  the  baeia  of  incompressible  flow  theory. 

The  first  requirement  la  for  Information  regarding  the  obanges  in  power  re¬ 
quired  for  a  given  speed  change  caused  by  minor  changes  in  configuration  auoh  aa 
opening  or  closing  cowl  flaps,  oil  ooolers,  intercoolers,  etc.  To  present  this 
information  from  minimum  flight  teet  work,  the  aesumptlon  is  made  that,  at  a 
given  speed,  a  minor  ohange  in  configuration  will  not  change  the  ooefflolent  of 
induced  drag  (Opi). 

Profile  Drag  -  Cnp  -£  Vt2  S 
then  * 

A  Profile  Drag  -  A  Thrust 
and  « 

ATOP  ■  k  SACjp  or  V* 

ATBF0  -  k  S  A0V  (Vt  *0  )3 

where  1 

ATBP  ■  lnorement  of  TBP  required  to  balance  the  effects 
of  an  Increment  of  ^Cpp 
k  ■  1.04l4  -x  10"5 

A0jp>  ■  lnorement  of  Cjjp  oauaed  by  oonflguratlon  ohange 
\  •  true  air  speed,  knots 

If  Vt0  and  Cjjj  are  held  oonatant,  any  ohange  in  TBPV^  will  be  a  function  of 
the  ohange  in  Cup.  Within  a  small  range  of  VV^7  Propeller  Bfflolenoy,  71  p,  re¬ 
mains  constant  and  ( \J$ THP=yo  BHP r)p  ).  Since  Cjjp  is  a  function  of  site  and 
shape,  it  will  ohange  with  the  configuration  ohange.  Therefore,  by  running  power 
calibrations  at  one  altitude  and  weight  while  0 hanging  oonflguratlon,  the  effeata 
of  oonflguratlon  on  BHP,  Vt,  or  V,  may  be  determined.  A  typloal  calibration  of 
cowl  flap  position  sffsots  la  shown  in  Figure  4.51. 

The  values  of  ABHPVF  are  applloable  at  any  altitude  and  oan  be  applied 
to  any  power  calibration  to  determine  the  power  required  for  the  epeolfled 
oonflguratlon.  Ifotloe  should  be  taken  that  these  changes  apply  to  power  required 
only.  Bangs  and  top  speed  oan,  In  toon  cases,  be  Inoreaeed  in  spite  of  an  in¬ 
creased  ooollng  drag,  beoauge  engine  operating  Halts  are  raised  under  lower 
temperature  conditions. 


<4.501) 
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SECTION  4,6 


The  Generalized  Power  Parameter  (PIV)  and  Speed 
Parameter  (VTU)  -  Reciprocating' Biglne  Aircraft 


lhe  problem  of  generalizing  data  for  all  velghts  and  altitudes  le  accomplished 
by  the  speed "power  polar,  PIW  va  VTW  pLot.  Thle  plot  presents  all  speed  power 
information  with  a  minimum  amount  of  data.  The  parametera  for  this  plot  are  de¬ 
termined  from  equation  4.213.  By  Inserting  aotoa  constant  gross  weight  In  this 
equation,  two  easily  ealculated  terms  are  defined  which  completely  resolve  to  a 
single  curve  all  flight  conditions  for  a  given  configuration. 


THPVgr 

(wt/wa)V2 


kl  CDP  3 


3/2 


(4.601) 


where: 


kl  * 


Tie 


1.0414  *  10-5 
.28620 
T\pBHP 

propeller  efflolenoy 


Assuming  the  propeller  efflolenoy  to  be  virtually  constant  far  given  ranges 
at  Cffc ,  equation  4.601  may  be  written? 


BHP^ 


*JL 

«t 


3/2 


(4.602) 


lbs  left  aide  Is  oallsd  "PTV."  Tbs  right  side  Is  oallsd  "VIW."  A  ty  1  PIW- 
TXH  plot  is  Illustrated  In  figure  4.6l.  Generally  the  standard  take-off  gross 
weight  le  used  as  Va. 

9m  validity  of  the  PIW-VTV  plot  can  be  demonstrated  by  dimensional  analysis 
methods.  By  this  means  it  can  be  shown  that  for  a  given  configuration  and  pro¬ 
peller  tbs  parameters, 

rarH»  iV?  T.vP 

”5579-'  ~vf  ’  vf 

where:  9  Is  tbs  engine  rpm 

will  define  speed  power  performance  at  any  altitude  and  weight  a a  shown  In  figure 
4.62.  Since  the  three  parameters  can  he  presented  on  one  graph  the  plot  is  most 
useful  for  estimating  general  perfaruanoe  and  determining  design  criteria.  In 
praotloe  the  parameters  are  divided  by  the  appropriate  constant  standard  weight 
to  give  PIW,  VIW,  and  HV. 
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figure  V.6l 
typical  piw-viy  not 

Ip  practical  application*  ttaa  value  of  propallar  efflolanoy  vlll  1m  apporaxl- 
aatsly  oonatant  over  aost  of  the  7IW  range.  In  that  oaac  only  the  paraaeters 
PItf  and  TOf  vlll  he  present,  and  the  plot  le  very  valuable  for  presentation 
and  standardisation  of  test  data  as  discussed  previously.  Since  tbs  PIV-VIW 
plot  Is  the  aircraft  polar  reduced  to  sea -level,  standard -velgfct  conditions, 
only  s  o bangs  in  propeller  efficiency  could  produce  acre  than  on*  parsaeter 
for  a  given  consideration.  At  very  low  car  high  flight  speeds  changes  in 
propeller  efficiency  nay  he  noticeable , 


Figure  V .63 

PIW-VIW  Plot  With  rpa  Paraastsrs 


h-lh 
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DATA  SEDUCTION  OUTLINE  (4.6l) 
For  PIY-VIV  Plot 
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(16) 
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(19) 
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(20) 
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(21) 

nv 
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(22) 

BHPt 

(23) 

PIW 

(2*) 

Plot  (23)  TS  (21) 

Indicated  air  speed 

Air 'speed  Instrument  correction 

Teat  gross  velght 

Air-speed  position  error  corresponding 
to  (1)  and  (?)  and  calibration  data 
Calibrated  air  speed  (1)  ♦  (2)  ♦  (A) 
Indicated  pressure  altitude 
Altimeter  instrument  correction 
Altimeter  position  correction  corres¬ 
ponding  to  (1)  and  (3)  and  (6)  and 
calibration  data 

True  pressure  altitude,  (6)  ♦  (7)  ♦  (8) 
Atmospheric  pressure  corresponding  to  (9) 
Mach  number  from  (3)  and  (9)  and  CHART 


8.5 

Indicated  temperature 
Temperature  Instrument  correction 
Indicated  Instrument  corrected  temper¬ 
ature  (12)  ♦  (13) 

Test  free  air  temperature  from  (11)  and 
(It)  and  CHART  8.2 

Y9.623  (10)/  V(15)  ♦  273 
1{5)  ♦  (17)35/2  .  . 

Test  true  speed  38.9**  (11)  x  AAl5)  ♦  273 
or  (11)  and  (13)  and  CHART  8.4 
(20)  s  (16)  *  (18) 

Test  brake  horsepower  from  torque  meter 
or  power  chart 
(22)  x  (16)  (19) 

for  each  configuration. 
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SECTION  4.7 

Fusl  Consumption  -  Rang#  and  Endurance 
•  Reciprocating  Engine  Alroraft 

FUEL  CONSUMPTION  AND  BSFC 

Cut*  relative  to  fuol  consumption  Is  obtained  In  flight  whenever  possible, 
rather  than  by  uee  of  the  engine  manuf aoturer * •  data.  Flight  fuel  flow  data  le 
moat  accurately  obtained  by  uee  of  tlaed  fuel  totallxer  readings  or  directly  by 
u*e  of  rate  of  flow  metera.  In  either  oaee  volume  flow  must  be  converted  to 
weight  flow.  Oenerally,  gasoline  la  ooneldered  to  have  an  average  aea  level 
standard  weight  of  6.0  lbs/gal.  If  sore  accurate  measure no nts  are  desired, 
where  large  quantities  of  fuel  are  involved  at  very  low  temperatures,  the 
specific  gravity  should  be  determined  before  the  flight  and  be  used  with  a 
temperature  correction  factor  to  approximate  in -’flight  speoiflc  gravity.  Ibis 
Is  only  necessary  where  long-time  high -altitude  flights  are  Involved  and  teat 
gross  weight  may  be  appreciably  affected.  In  Boot  test  work  use  of  the  before* 
flight  specific  gravity  le  sufficient. 

Vf  •  x  8.339  x  8p  g  (4.701) 

where: 

Vf  -  lbs/hr,  fuel 
Sp  g  -  fuel  speolflo  gravity 

In  report  presentation  of  fuel  consumption  or  range  data  the  test  results  should 
be  corrected  to  a  6.0  lbs  per  gallon  standard  for  gasoline. 

The  brake  specific  fuel  consumption  (BSFC)  Is  determined  frost  flew  data 
taken  during  the  normal  power  calibrations  at  various  engine  sett Inge. 

BSFC  ■  Wf  (4.7<») 

BHP 


Figure  4.71 

Method  of  Presenting  BSFC  Bata 


AFT*  6273 


4-16 


SPECIFIC  RARGB 


Beoause  the  range  oharta  are  uaad  for  obtaining  both  flight  distance  and 
datemining  flying  technique,  tha  range  data  la  aoaetinsa  plotted  Ta  both  true 
and  calibrated  or  Indicated  apaad.  Range  la  not  plotted  aa  each  except  for  sample 
ala el on  atudlaa.  Tha  usual  preaentatlon  la  apeolflo  range  (SRg)  true,  cali¬ 
brated  dr  Indicated  epeed. 

SRg  ■  lx  »  nautical  air  allea/lb  (4.703) 

®f 

A  typioal  plot  la  ahovn  in  Figure  4.72. 


Figure  4.72 

Specific  fenga  Data  -  Constant  Groce  Weight 

Hotlce  should  be  taken  that  the  altitudes  ahovn  on  tha  brake  apeolflo  fuel 
consumption  graph  are  the  various  density  altitudes  at  vhloh  the  points  vere  flown. 
She  altitudes  on  the  speed -power  graphs  are  pressure  altitudes.  Experience  has 
shown  that,  considering  tha  saall  differences  between  test  pressure  altitude  and 
test  density  altitude,  fuel  flow  accuracy  will  not  be  measurably  effected  by  as  - 
awning  the  fuel  flow  and  speed -power  graphs  to  agree  at  the  earn  pressure  altitude. 
I11  aany  cases  speolfle  fuel  flow  la  completely  Independent  of  altitudes,  but  usu¬ 
ally  B8FC  will  Increase  with  altitude  for  at  least  part  of  the  altitude  range. 


_  Rpeolflo  range  data  odn  be  corrected  for  weight  variations,  but,  beoause  the 

B8PC  aay  vary  with  altitude,  the  weight  correction  should  not  be  applied  aoroso 
large  altitude  Increments .  Given  the  ease  density  altitude,  and  mixture  setting, 


(4.704) 


ARB  6273 


4-17 


tfeen  ffig  change*  due  to  a  wight  change,  Vt  must  change; 

7t2  *  (“-705) 

8PBCIFIC  SXDURAMCX 

Maximal  specific  endurance  (SBnax)  can  be  obtained  from  a  fuel  consumption 
plot  made  alongside  the  BHPg  vs  Vt  or  Yc  graphs  ae  in  Figure  4.73 .  Specific 
endurance  la  defined  as  the  reciprocal  of  the  fuel  flow,  Vf. 


) 


Figure  4.73 

Method  of  Presenting  Fuel  Consumption  Data 


Specific  endurance  data  nay  be  corrected  for  velght  variation,  but,  because  the 
BSFC  may  vary  slightly  with  density  altitude  the  correction  should  not  be  applied 
across  large  altitude  increments.  At  the  same  density  altitude  and  mixture 
setting,  . 

(  W  \  5/2 

®2  *  ®1  \<£)J  (4.706) 


When  SI  changes  due  to  a  weight  change  Yt  must  change , 


Vt2  ■  vti 


VT 


(4.707) 
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ACTUAL  HA9QX  AND  BTORAITCS 


From  plots  of  spsoifio  rang*  (nautical  air  alias  par  pound  of  fuel)  vs  true 
spaad  and  altitude  far  eaoh  weight  condition  It  a 111  be  possible  to  obtain  the 
range  far  any  desired  cruising  condition  along  with  the  correspond  log  BSP,  rpn, 
manifold  pressures  end  Indicated  speeds.  For  sow  aircraft  performance  reports 
It  my  be  required  that  a  test  tactical  mission  be  flown  to  compare  expected 
and  aotual  results,  perhaps  for  a  radius  of  aotlon  problem. 

Actual  range  Is  best  determined  from  a  plot  of  the  speolflc  range  para¬ 
meter  defined  by  equations  4.704  and  4.70?  far  a  const ant  density  altitude. 

V  ■ f  ( (,,-7o8) 


where: 


speolflc  range  parameter 
speed  parawter 


Squat Ion  4.708  la  valid  far  both  test  and  standard  day  conditions.  For  a 
o distant  value  of  the  speed  parameter  the  range  is. 


where : 


dV  -  fuel  weight  differential  (negative) 
Integrating,  the  range  become. 


<4.709) 


(4.710) 


Values  of  In  (Vj/B£)  my  be  determined  from  CHART  4.71  at  the  end  of  this  ohapter. 


Aotual  endurance  Is  best  determined  from  a  plot  of  the  speolflc  enduranoe 
frcm  a  plot  of  the  speolflc  enduranoe  parawter  defined  by  equation  4.706  and 
4.707  far  a  constant  density  altitude. 


,3/2 

»f 


■  f 


(4.711) 


where: 


specific  enduranoe  parameter 


For  a  constant  value  of  the  speed  parameter  the  eoiuranoe  le, 


(4.712) 


Integrating,  the  endurance  becomes, 

*  -(f)  (7?  '  3?)  <4-7l5) 

Values  of  2/ W  nay  he  determined  from  CHART  4.72  at  the  end  of  this  chapter. 


DATA  REDUCTION  OUTLINE  (4.71) 

For  BSFC  and  Range  Data  -  Reciprocating 

(To  he  used  vith  BHP  Data  Reduction  Outline  in  Section  4.4 ) 

(25)  Vff.  gals/hr  Test  volumetrlo  fuel  flow 

(26)  lbe/hr  Test  fuel  veight-flov  (25)  x  (oonrersion 

factor  determined  hy  fuel  and  temp) 

(27)  BSFC  lbs/BHP-Hr  Brake  specific  fuel  consumption  (26)  -♦»  (17) 

(28)  Plot  (27)  rs  (23)  r  - 

(29)  SRg  nautical  air  Speoiflo  range,  [(23)  *  (16)]  ♦  (26) 

miles  per  pound 

(30)  Plot  (29)  vs  (23)  or  (5)>  at  each  altitude 
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SECTION  4.8 


Speed -Powor  Curves  -  Turbojet  Aircraft 

The  aircraft  drag  parameter  is  a  function  of  MAch  number  and  the  weight- 
pressure  parameter  as  shown  in  equation  4.12S. 

D/P  -  f (M,  W/PJ  (4.801) 

&  ft 

In  jet-powered  aircraft  in  stabilized  level  flight  the  propulsive  or  net  jet 
thrust  equals  the  aircraft’s  drag.  Tor  flight  performance  data  engine  rpm  is 
a  more  convenient  engine  criterion  than  thrust  horsepower  or  drag.  As  pre¬ 
viously  shown  in  Chapter  Three, 

Fn/pa  "  f<M*  (4.802) 

By  equating  equations  4.801  and  4.802, 

N//Tg  -  f (M,  W/P4)  (4.803) 

For  convience  equation  4.803  is  written, 

N//e^  -  f (M,  W/64)  (4.804) 

where 

6a  -  T^/ 288 

6a  "  V29*92 

M  -  f(Vc  and  Pa) 

N  »  rpm 

If  the  value  of  the  W/6  parameter  is  fixed,  N//"e^  versus  M  curves  will  define 
the  speed  power  relationship,  “ 

Speed-power  tests  in  turbojet  aircraft  are  flown  by  setting  an  rpm  and 
holding  the  aircraft  at  a  specified  pressure  altitude  until  the  speed  is  stabi¬ 
lized.  This  is  done  for  each  test  point.  However,  at  low  speeds  near  the 
stall  condition,  jet  airplanes  will  not  stabilize  well.  This  is  because  the 
thrust  decreases  as  the  speed  decreases  so  that  a  condition  may  be  reached 
where  at  a  constant  rpm  the  speed  will  slowly  fall  until  the  aircraft  stalls. 
The  aircraft  can  never  be  successfully  operated  in  this  range,  but  flight  tests 
sometimes  require  drag  evaluation  at  low  speeds.  In  order  to  include  this  low 
speed  range  in  the  power  required  curves,  a  system  has  been  devised  to  gather 
the  necessary  data  from  a  test  in  which  the  aircraft  is  Allowed  to  descend 
slightly  to  maintain  its  speed. 
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Frcar.  ,ja^a  reduotion  (Chapter  Five), 

-  101  ^  vt  (Fn  •  D) 

W 

101.3  Vt  (D  -  Fn) 

V 

vhere : 

R/D  *  rate  of  descent,  ft/min 
V  •  weight  -  lbs 
V-j.  ■  true  speed  -  knots 
Fn  3  net  thrust  -  lba 

D  »  drag  -  lhs.  Assumed  constant  for  the  descent  and  level 
flight  condition  at  the  same  V^. 

If  the  aircraft  is  stabilized  on  a  Mach  number  while  making  a  small  descent  at 
a  measured  rate,  the  value  of  (D  -  Fn)  can  be  computed.  Ibis  value  will  be  the 
difference  between  the  thrust  required  for  level  flight  at  the  same  Mach  number 
and  the  thrust  being  delivered.  By  the  use  of  net  thrust  computations  or  engine 
manufacturer's  curves  this  additional  thrust  required  can  be  converted  to  a  re¬ 
quired  rpm  Increase  giving  equivalent  level  flight  performance.  This  method  is 
used  at  whatever  speeds  the  pilot  finds  he  cannot  stabilize  the  airplane  in 
level  flight.  But  rates  of  desoent  of  more  than  200  ft/mln  will  not  produoe 
satisfactory  results.  Once  a  level  flight  speed  and  rpm  are  obtained  by  this 
method,  all  other  level  flight  corrections  are  applied  in  the  normal  manner. 

In  turbojet  powered  aircraft  compressibility  phenomena,  Mach  number  ef¬ 
fects,  are  significant  at  all  altitudes.  For  this  reason,  no  generalized  speed - 
power  curve,  such  as  the  PIW-VIW  curve,  is  applicable.  Separate  level  flight 
data  results  must  be  presented  as  a  function  of  rpm  and  speed  or  Maoh  number  for 
each  value  of  v/Pa  flown,  as  in  equation  4.803.  The  data  is  actually  presented 
for  eaoh  altitude,  Pa,  at  a  constant  weight  for  that  altitude.  One  level  flight 
performance  presentation  is  standard  day  rpm  vs  Vc  for  constant  pressure  alti¬ 
tudes,  Hq.  A  typical  plot  of  this  type  is  shown  in  Figure  4.8l.  Standard  day 
rpm  is  defined  as: 

rpm  std  «  N  x 


r/c 

or 

R/D 


This  same  plot  is  used  also  to  show  calibrated  speed  reduotion  (drag  In 
creases)  resulting  from  configuration  changes  as  in  Figure  4.82. 
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"reoonaended  erulM 
t Tram  fuel  comamaptlon 
_ data) _ 

Clean  Configuration 


5500 L_ 
IX 


I 


200  250  300  350  400 
CALIBRATED  AIR  SPEED,  Vc  (Knots) 


figure  4.8l 

Turbojet  Rjm-Vc  Presentation 


_ I00)(_rpffi  ^  ^  _ 


Speed 
Brakes  On 


Ilean  Configuration 


s 

I 


One  Altitude 
One  Weight 


I 


CALIBRATED  AIR  SPEED,  Vc 


Figure  4.82 

Effect  of  Configuration  Change  on 
Turbojet  Speed  and  Rpo 
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Using  equation  4.804  it  is  possible  to  correct  and  plot,  all  the  level 
flight  data  for  standard  day  sea  level  condition.  This  is  done  by  plotting 
H/^  vs  Mach  number  for  constant  values  of  W/^  obtained  at  various  alti¬ 
tudes.  This  plot,  Figure  4.83,  shove  lamed lately  the  sea  level  weight  limi¬ 
tations  at  maximum  rpm  at  various  Mach  number#.  By  interpolation  the  plot 
can  be  vised  to  find  speed  pover  conditions  for  any  velght  and  altitude. 
Figure  4.33  is  presented  in  the  final  performance  report  to  shov  the  obvious 
Mach  number-ccnpressibility  effeots  on  engine  performance  requirements.  It 
also  must  be  used  to  obtain  velght  corrected  data  for  plotting  as  shovn  in 
Figures  4.8l  and  4.82.  When  external  drag  items  such  as  rockets  or  bombs 
are  added  to  the  aircraft  it  is  often  neoessary  to  present  both  the  effects 
on  indicated  speed  and  the  compressibility  effeots.  Speed  effects  are  shovn 
on  a  graph  similar  to  that  of  Figure  4.82.  Mach  number-ccmpreesibility  ef¬ 
fects  on  the  pover  required  for  external  drag  items  can  be  shovn  as  Illus¬ 
trated  in  Figure  4.84. 


Figure  4.83 

Typical  9»a  Level  Turbojet  Performance  Bata 

Tbs  type  of  plot  used  to  svaa  up  the  level  flight  performance  for  a 
turbojet  aircraft  le  illustrated  in  Figure  4.83.  This  graph  presents  the 
standard  day  true  speed  vs  altitude  data  for  various  actual  engine  rjm's. 
Also  shovn  are  a  reference  max.  Maob  number  and  a  reocamended  max.  range 
cruise  condition.  This  speed  vs  altitude  plot  is  generally  presented  for 
eaoh  major  aircraft  configuration,  such  as  vlth  ving  tip  tanks  installed 
and  without.  The  speed  or  altitude  ourves  are  meet  easily  obtained  by 
oroes  plotting  weight  corrected  test  data  f»*am  Figures  4.8l  or  4.83* 
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HIGH  lUWiat  or  Vv5 


Figure  4.84 

Topical  Configuration  Kffect  on  Sea 
larval  Turbojet  Performance  Data 


SATA.  REDUCTION  OUTLINE  (4.8l) 


For  IstoI  Flight  Jet  Aircraft  Power  Calibration 


(  1) 
(  2) 
<  3) 
(  4) 

(  5) 
(  6) 

(  7) 
(  8) 

(  9) 
(10) 
(11) 

(12) 

(13) 

(14) 
(13) 

(16) 

(IT) 

(18) 

(19) 

(20) 
(21) 
(22) 

(23) 

(24) 
(23) 
(26) 


Teat  Point  Number 

^Hlc 

AHpo 

^  *(Pa/PsL) 

ATlc 


'te 


A  tlc 
tic 


lat 


-  Vf^/TflL 

Cn Ilona  fuel  regaining 
Gal  lone  fuel  etart 
Oallone  fuel  used,  (20)  -  (19) 

Fuel  weight  need,  (21)  x  lbs/gallon 
Starting  groee  weight 
Vt 


Indicated  preeeure  altitude 
Altimeter  i Detriment  correction 
Altimeter  position  error  correotlon 
True  preeeure  altitude,  (2)  ♦  (3)  ♦  (b) 
Fran  (5)  end  etandard  altitude  tablee 
Indicated  air  a peed 
Air -apeed  instrument  correction 
Air -speed  poeltlon  error  correction 
Calibrated  air  speed  (7)  +  (8)  ♦  (9) 
Mach  nuaber  from  (10)  and  (3)  and 
CHART  8.5 

Stand ard- day,  true  speed,  from  (10)  and 
(3)  and  CHART  8.5 
Indicated  air  temperature 
Temperature  Instrument  correction 
Instrument  corrected  Indicated  air 
temperature 

True  test  air  temperature  -  °Esleln, 
tram  (13)  and  (11)  and  CHART  8.2 
From  (3)  and  standard  altitude  tables 

V(i6)/288«r 

from  fuel  counter 


wt/«a 
Wg/s  a 


(27)  A(v/*a) 

(28)  Nt 

(29)  AHio 
(3°)  N 

(31)  S/VC 

(32)  Ad/V^)* 

(33)  (VVS^) 


(31)  Kyjg 

(55)  Plot  (33) 

(36)  Plot  (3^) 

(37)  Plot  (34) 


Test  weight,  (29)  -  (22) 

Test  weight -pres  sure  parameter  (24)  +  (6) 
Standard  weight -pressure  parameter,  WB 
♦  (6) 

Weight  preeeure  parameter  correction 

(26)  -  (25) 

Indicated  rjna 
Rpn  instrument  correction 
Test  rpn,  average  of  all  engines 
Test  rpn  parameter  (30)  +  (18) 

Spm  parameter  Increment  tor  A(v/<fa ) 
from  weight  correction  graphs  similar 
to  Figures  4.91  or  4.94 
Weight  pressure  ratio  corrected  rpm 
parameter,  (31)  ♦  (32) 

Standard -day  rpn  at  standard  weight, 

(33)  x  (17) 


ts  (ll)  for  constant  W/£a_ 

▼s  (10)  for  constant  W  ana  Pa 

ts  (12)  and  cross  plot  to  get  altitude  ts  vto  for  constant 


standard-day  rpm's  or  peroent  rpm's 
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SECTION  4.9 


Weight  ghange  Corrections  for  Spaed 
Power  Data  -  Turbojet  Aircraft 

Equation  4.210  present*  the  analytical  expression  for  drag  force  In  tern  of  V, 
q,  and  C^p.  If  Cjp  Is  constant,  the  equation  reverts  to  a  form  In  which  increments  of 
D  for  increments  of  W  may  he  calculated.  This  is  not  the  case  for  high-speed  air¬ 
craft  under  the  effects  of  compressibility.  Since  equation  4.210  assumes  incompressible 
air  flow  conditions,  it  cannot  be  used  as  a  means  of  drag-weight- speed  correction  at 
high  Mach  numbers.  Essentially,  Cjp  is  an  unpredictable  function  of  W/PA  and  fech 
number  under  these  flight  conditions,  which  means  weight  corrections  to  speed  or  drag 
must  be  accotiplished  empirically.  The  weight  correction  must  be  made  on  the  basis  of 
test  data  obtained  from  the  given  airplane  and  engine  combination.  Because  thi*  must 
be  done  in  the  high  speed  range  the  same  procedure  is  used  in  the  low  speed  range. 

The  taeis  for  the  two  weight-correction  methods  dsscribed  hers  is  the  fact  that 
the  parameter  W/6a  can  be  changed  either  by  changing  W  or  Pa.  If  a  series  of  test 
rune  are  made  at  different  altitudes  and  at  the  same  Mach  number  at  each  altitude, 
a  range  of  and  W/8ft  would  be  covered.  By  making  a  plot  of  V/8a, 

as  in  figure  4.91,  with  each  line  representing  a  Mach  number,  the  change  in 
R/  NT®a  with  respect  to  change  in  W/8a  can  be  found.  Or,  more  directly,  the  correct 
H/  vRa  *or  a°Jr  */®a  an<*  *  18  immediately  apparent. 

If  M/8a  values  are  £  1^  of  a  given  value,  weight  correction*  are  not  required. 

This  can  be  accomplished  by  good  stabilisation  resulting  from  closely  estimated 
speed*  and  rpm'e  required  for  a  given  W/8ft.  A  pitot  connected  rate  of  climb  in¬ 
dicator  can  be  used  to  show  small  amounts  of  acceleration  in  level  flight  and  re¬ 
duce  time  required  to  stabilise. 


14  22  JO  J8  46  54  62 

WEIGHT  -  PRESSURE  PA  HA  METER,  v/6ft 

figure  4.91 

Turbojet  Aircraft  Performance  with 
Mach  number  Parameters  - 
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Figure  4.92 

Corrected  Turbojet  Performance  Beta 

In  aotual  flight  testing  establishing  stabilised  flight  on  a  speolflo  Mach  number 
is  dlffloult,  so  level  flight  test  data  are  plotted  in  the  for*  of  ■/  vs  M. 

If  the  test  points  are  flown  at  successively  lower  Mach  numbers  at  a  constant 
pressure  altitude,  the  V/ga  value  diminishes  for  each  point.  This  effeot  Is  shown 
In  Figure  4.92. 


CTCMMEWr  RATIO  METHOD  OF  WEIGHT  CCHRBCTIOH 


To  oaks  necessary  weight  corrections  an  approximate  method ,  using  plots  of 
A(H/V^)/  A(v/5a),  has  been  devised.  formal  power  calibrations  are  flown  by 
setting  rpa  and  allowing  speed  to  stabilise.  A  plot.  Figure  4.93,  le  then  made 
of  l/ Ve*  vs  Mach  nuaber  at  each  altitude,  disregarding  the  fact  that  the  tf/da 
far  eadh  point  Is  different.  Data  at  each  altitude  are  ac emulated  In  the  sans 
Banner  by  starting  the  power  calibration  at  high  Mach  numbers.  Best,  at  eaoh 
altitude  tbs  values  of  the  v/^'s  of  each  point  are  averaged,  and  the  entire  call' 
bkatloa  Is  assuasd  to  have  been  flown  at  the  average  V/da.  Lines  of  constant  Mach 
nuaber  are  dravn  on  the  graph  as  In  Figure  4.93*  They  will  intersect  the  power 
calibrations  at  various  ](/ '>££[’ values. 


Fro*  these  H/  V¥  values  a  plot  of  1/  Vfa  ts  V/<fa  at  constant  Mach  numbers 
can  be  *ade  and  the  slopea,  dflVS^/dCv/^),  determined,  or  (A ■/  VSJflAW/^ )  can 
be  determined  dlreotly  by  taking  Increments  between  power  calibrations  at  two 


altitudes. 

Inc resent  ratio 


(1  -  <»  ^a>l 

(w/<5h)2  -  (W/d.)! 


(4.901) 
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figure  t.93 

Actual  flight  Data  Plot 


Since  the  aaeumptlon  bee  already  been  uade  that  each  altitude  calibration 
wue  flown  at  an  average  V/<Ja  or  weight,  aoouraoy  will  not  he  Impaired  by 
aeeumlng  that  the  V/|.  midway  between  two  w/fa'e  repreeenta  the  point  where 
the  Increment  ratio  ehould  he  applied.  Hie  Increment’  ratio  la  plotted 
agalnet  thig  average  w/^  altitude  ae  In  figure  t.9t. 


from  figure  t.9t  all  teat  point  a  can  ho  corrected  to  a  deelred  value 
of  */Sm  which  will  oorrwepood  to  cornu  altitude  when  a  weight  le  epeolfled. 
With  reolprooatlng  engine  aircraft  weight  correction  wae  Mde  at  eaoh  alti¬ 
tude  eo  that  tha  oonoept  mac  eetablletaed  that  a  weight  correction  brought 
data  to  the  flown  altitude  at  a  otaadard  weight;  however,  when  the  v/6- 
correction  la  made  both  weight  and  altitude  can  he  changed*  By  aeleotang 
a  etandayd  weight,  hut  not  requiring  the  etandard  preeaure  altitude  to  he 
the  flown  altitude,  a  (w/5a)B^  can  he  found  that  will  alnlmlM  AW/ju  and 
oonaequently  Inoreaae  aoouraoy.  for  example:  a  aerie e  of  polnta  le  flown 
at  20,000  ft.  with  weight  varying  from  it, 000  to  12,000  lhe.  giving  an 
average  of  28,000.  The  polnta  are  to  he  oacreoted  to  a  weight  of  it, 000 
lhe.  If  an  altitude  of  18,100  ft.  la  celeoted  O^a^etd  tha  aver¬ 

age  M/S  flown.  This  ahould  require  a  ulnlmae  point  oy  point  earreetlon  to  tha 
etandard  v/$*.  Qnleea  a  epeolal  reaeon  eaa  required  for  the  20,000  ft.  cali¬ 
bration,  the  18,100  ft.  calibration  glvee  information  of  equal  value. 
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rigors  4.94 

RPH-Vf lgfat  Increment  Ratio  Plot  for  Making 
Turbojet  Level  flight  Weight  Corrections 

CROSS  PL0TT3Q  HD  H-fUOHT  WEIGHT  CCBMCTIOM  MBBDSS 

Another  weight  oorrsctlon  method  for  Jet  aircraft  la  designed  to  obtain  a 
vary  accurate  plot  of  l/  ta  tor  oomstant  Mach  number  parameter*  aa  illus¬ 

trated  in  figure  4.91.  Thla  type  weight  oarrsotlon  employs  fcnr  baalo  steps: 

(1)  Test  points  are  flown  consecutively  from  high  Maoh  number  ta  low  at-  a 
constant  pressure  altitude.  Points  should  be  flown  at  small  and  approxi¬ 
mately  equal  time  Intervals. 

(2)  Plot  H/  ts  M  for  eaoh  altitude  flown. 

(3)  Plot  v£a  ts  M  far  eaoh  altitude  flown. 

(4)  Cross  plot,  from  (2)  and  (3)  above,  If/  V§^  vs  w/<Ja  for  constant  Maoh 
number  parameters  as  illustrated  in  figure  4.91.  This  final  cross  plot 
can  be  used  to  obtain  1/  far  any  M,  V,  and  Sg  desired.  In  addition 
*/Vr  values  for  max.  rpm  end  various  standard  altitudes  can  be  lnoluded 
to  define  the  max.  speed  points. 

To  obviate  the  need  for  a  weight  correction  the  level  flight  teste  for  both 
conventional  and  Jet  powered  alroraft  can  be  flown  at  a  constant  value  of  W/£a. 

The  value  eeleoted  for  this  W#a  depends  on  the  take-off  gross  weight,  fuel  used 
In  ollaib,  and  rate  of  fuel  used  during  level  flight  at  a  particular  altitude. 
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If  these  factors  are  carefully  analyzed,  It  Is  possible  to  make  flight  guides 
enabling  the  test  pilot  to  record  data  at  desired  constant  values  of  w/da.  A 
typical  W/5a  guide  Is  shown  in  Figure  4.95. 


|  GALLONS  07  FUEL  RDOIUHG  -  BASED  Olf  6.7  LBS/GAL  ; 

i6c«5  '  isioo  ufeo  '  i3boo  1  12000  1  11000 

GROSS  WEIGHT,  IDS. 


Figure  4.95 

Guide  Card  for  Flying  at  Constant  V/fa 

Using  this  guide  the  pilot  needs  only  to  kaep  a  slight  lead  on  his  fuel  floe 
oounter  at  a  particular  altitude.  When  the  fuel  remaining  counter  value  for 
the  aircraft  agrees  with  the  fuel  remaining  value  required  by  the  guide  card 
the  pilot  records  the  necessary  data.  The  efficiency  of  this  method  for 
holding  a  constant  V/Pa  depends  on  the  skill  of  the  pilot  and  may  require 
scam  training  on  his  part  to  prevent  long  lapses  between  test  points.  A 
radio  technique  can  also  be  applied  this  method.  The  ground  end  of  the 
radio  link  doing  the  necessary  calculations  then  informing  the  pilot  of  the 
fuel  counter  readings  and  altitudes  at  vhloh  to  record  data. 
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Pn^TIOn  '+.10 


Fuel  Connuaptlon  frnflarance  and  Range  -  Turbojet  Aircraft 

Ifcta  relative  to  fuel  consumption  for  Jet  aircraft  are  obtained  In  fV'**'* 
whenever  possible*  rather  than  by  uee  of  the  engine  Manufacturer' a  data* 

Flight  fuel  flow  data  le  moat  accurately  obtained  by  uee  of  timed  fnel  total  - 
Iter  read  Inge  car  directly  by  uee  of  rate  of  flow  metere.  In  eit  c»*e  vol-v 
flow  moat  be  converted  to  weight  flow*  Generally*  Jet  engine  f i»«  1  »e  <<r  +-f- 
type*: 

AK-F-38  (JP-1)  •  6*7  lbe/gal  etandard  weight  for  sea  level  standard 
eondlMora 

AU-F-58  (JP-3 )  ■  6.42  lba/(P»l  etandard  weight  for  eee  level.  etende»^ 
condition# 


If  more  aoourate  asaeuremente  are  desired*  where  large  quant It lea  of  fuel  are 
Involved  at  very  low  temperature**  the  epeolflo  gravity  should  be  determined 
before  the  flight  and  be  need  with  a  temperature  correction  faotnr  to  wpprnr* 
mate  the  in -flight  epeolflo  gravity.  This  procedure  Is  only  neoeaeery  wh«»« 
long-time  high  altitude  flights  are  Involved  and  the  test  gross  weight  le 
appreciably  affeoted*  In  most  test  work  use  of  the  before  flight  epeolflo 
gravity  la  sufficient. 

Wf  -  gtla/h r  x  8.334  x  Sp  g  (4,701) 

where  1 

Vf  -  lbs/hr 
Sp  g  ■  Speolflo  gravity 

In  report  presentation  of  fuel  consumption  or  range  data  the  test  results  are 
corrected  to  average  tea  level  etandard  pounds  per  gallon  values  fear  the  fuel 
being  used* 


Far  turbojet  aircraft  fuel  consumption  is  handled  in  the  farm  of  the  fuel 
flow  parameter  developed  In  Chapter  Three* 


Turbojet  fuel  flow  parameter  a  Wf 
for  compressor  Inlet  condition*"  Vft2 


Turbojet  fuel  flow  parameter 
for  ambient  conditions 


where) 

Vf  »  fnel  flow  lbe/hr  or  gela/hr 
?t2  "  engine  Inlet*  total  pressure 
T+2  ■  engine  Inlet  total  temperature 
w2  “  Ft 2/8. L.  etd  pressure 
62  •  T^g/s.L.  etd  temperature 


or 
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As  shown  in  Chapter  Three,  the  fuel  flow  parameter  is  a  function  of  H/  V5£g 
and  engine  inlet  ^ach  number.  On  the  engine  nanuf acturer '  s  "expected  per  - 
fornance  curve  a"  it  can  he  seen  that  through  most  of  the  in-flight  K/  V5^2 
range  the  fuel  flow  parameter  is  a  single  curve  at  all  Mach  numbers.  When 
actual  flight  data  is  plotted,  It/  T»  wf/^t2  the  results  form  a 

family  of  curves  which  for  all  practical  purposes  is  a  single  curve.  Figure 
4.10.1  illustrates  this  plot.  It  will  be  noted  that  at  the  lower  corrected 
rpm  values  for  each  altitude  the  curves  tend  to  diverge.  Ibis  is  a  result 
of  both  decreased  Mach  number  at  the  higher  altitudes  for  the  same  corrected 
rpm  values  and  decreased  combustion  efficiency  at  the  higher  altitudes. 


Figure  4,10.1 

Turbojet  Fuel  Flow  Presentation 

It  should  he  noted  that  ambient  conditions  may  be  used  In  the  fuel  flow 
parameter  sinoo  the  affects  of  Mach  number  are  rm eligible  unless  large  V/tf. 
variations  at  low  rpm  are  possible.  A  plot  of  ■/  vs  Vf/Aa  \6*  appears 
nearly  identical  to  Figure  4.10,1  and  is  as  scours te  for  determining  fuel  con¬ 
sumption  for  most  rpm,  etmoepherio  conditions,  and  Meob  numbers.  Using  engine 
Inlet  conditions  the  fuel  flow  parameter  is  applicable  In  both  climb  and  level 
flight.  With  ambient  conditions  in  the  parameter  It  Is  only  theoretically 
applicable  to  level  flight  data  because  of  differences  in  tbs  inlet  pressure 
term  resulting  from  differences  In  Mach  number  for  the  climb  and  level  flight 
condition.  Actually  the  ambient  fuel  flow  parameter  is  usually  applicable  to 
ollmb  data  as  the  error  frcm  Mach  number  effects  in  the  climb  rpm  range  is 
negligible. 
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It  can  be  seen  from  Figure  4.10.1  that  maximum  epecific  endurance,  l/Vf,  for 
Jet  aircraft  will  he  at  the  lowest  rpm  that  will  maintain  level  flight  above  the 
stall  condition.  It  is  also  seen  that  specific  endurance  increases  with  altitude* 
Endurance  is  best  evaluated  with  the  specific  endurance  parameter. 


The  engine  fuel  flow  function  is, 

irfer  ' f  (“fc 

For  the  aircraft  the  rpm  function  is, 
-8  f  (  vt  W  ^ 

7^  VK  '  X, 


(4.10.01) 


(4.10.02) 


Functionally  combining  the  above  two  equations  in  terms  of  B,  6  and  N, 


(4.10.03) 


A  plot  of  equation  4.10.03,  as  in  Figure  4.10.2  should  be  made  throughout  the 
complete  speed  range  of  the  aircraft,  so  that  max.  endurance  and  endurance  at  any 
speed  can  be  computed. 


Turbo-Jet  Endurance  and  Max.  Endurance  Plots 
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fc-i  tMs  "lot  should  b«  obtained  at  constant  W/8^1*,  but  negligible  error* 

•»’s  int’-rdyoed  if  v/8a  changes  are  a  nail  during  power  calibrations  at  one  altitude. 


“^durance  le  obtained  by  maintaining  a  constant  W/8a.  This  necessi- 
*  o'^ht  rate  of  climb  (20-50  ft/min)  to  decrease  8a  as  V  decreases.  Ifcr 
l’l  ;’ing  as  in  Figure  **.10.  2  a  W/8a  for  max.  endurance  can  be  found.  Actual  en- 
ai  a  constant  W/8a  le  found  by  integration. 


F  9 


a  Ajr  6ft\  /*' 


AV 


8a/sJ®a 


wKere: 


.  ?2_  .  4!L  - 

8a  “  ^ 


constant, 


(4.10.04) 


i —  0.095 

^Sjea  =  8a  (below  36089  ft) 


dV 


fuel  weight  differential  (-) 


■tivitirg  d8  for  dW,  changing  limits,  integrating  and  simplifying 


*  -  10.512 


VS 


!L )  JL_ 


(S) 


.095 


-  1 


(4.10.05*) 


*nd 


*  "  1.15 


'•W£\  s_  i„/V\ 


(4.10. 05B) 


Equation  4.10.05A  assumes  standard  temperature  lapse  rate  and  may  be  used  below  the 
isothermal  altitude.  4.10.05B  assumes  constant  air  tesiperature  (-55°  C)  and  is  used 
above  the  ltothersal  altitude. 


Values  of  lnfW^^)  mey  be  found  in  CBAHT  4,71  at  the  end  of  this  chapter. 

MNC-E 


The  actual  range  of  turbojet  aircraft  le  beet  evaluated  by  using  the  specific 
range  parameter  derived  from  equation  4.10,03.  $y  the  rules  of  dimentional  analysis 
this  equation  can  be  put  in  the  form, 


V 


t 


where : 


Vt8a 


Sltg  8a,  specific  range  parameter,  nautical  uiles/lb 


(4.10.06) 


Data  for  plotting  this  equation  should  be  obtained  at  constant  values  of  w/8a  in 
level  flight.  However,  if  data  are  obtained  at  a  constant  altitude  and  esmll  per¬ 
cent  changes  in  weight  are  involved,  the  error  introduced  will  be  negligible.  The 
data  for  equation  4.10.06  are  plotted  as  in  Figure  4,10.3.  This  figure  may  be  cross 
plotted  to  present  the  data  for  constant  Mach  number  parameters  and  to  determine 
optimum  W/8  for  maximum  range. 
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SPECIFIC  RANGE  PARAMETER,  V^A/V, 


Figure  4.10.3 

Turbojet  Specific  Range  Parana  ter  Plot, 
Constant  W/<j  Values 


Turbojet  Specific  Range  Parameter 
•nA  Maxima  Range  Plots,  Constant  Ha  oh  No.  Values 
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From  the  two  specific  range  parameter  plots  it  is  possible  to  determine 
the  effects  of  any  of  the  variables  on  the  actual  range.  Also,  if  very  high 
values  of  W/<5*  can  be  obtained ,  it  is  possible  to  determine  from  Figure  4.10.4 
a  value  of  V/da  and  Mach  number  that  gives  max  range  independent  of  altitude. 


It  is  apparent,  from  these  figures  and  equation  4.10.06,  that  the  best 
cruise  condition  for  a  given  Mach  number  is  at  constant  W/ia  value.  The  higher 
the  altitude  the  greater  ie  the  range  until  the  w/$a  for  max  range  is  reached. 
The  cruise  at  constant  W/da  requires  a  slight  continuous  climb  (about  20-50  ft/ 
min)  to  decrease  atmospheric  pressure  as  the  veight  decreases.  Actual  range 
at  conetant  W/$  may  be  determined  by  integration. 

*2 

(4.10.0?) 


Eaw  '(V4)/ 

w. 


where : 


W 

6 


1  »  "2 


constant 


1 

dW 


W2  dV 

x  *7Z 

fuel  weight  differential  (negative) 

Substituting  d6a  for  dW,  changing  limits  and  intagrating 
/V  A  \  W  In  (  Vl\ 

Be  ■  iV ) «:  u)  (“'io-o8) 

Values  of  In  (Wj/Wg)  may  bs  found  in  CHART  4.71  at  tha  and  of  this  chapter. 


To  determine  the  range  at  a  constant  altitude  and  Mach  number,  the  plot  in 
Figure  4.10.4  may  be  used  and  the  integration  accomplished  In  steps  for  inter¬ 
vals  where  the  slope  of  the  Mach  number  parameters  is  nearly  constant .  In  this 
case, 

-  (SRg  6a)!  v  (SRg  <5a)g  (Vx  -  V2)  (4.10.09) 


PERFORMANCE  REPORT  PRESENTATION 

Ordinarily,  the  speoifio  range  and  endurance  parameters,  equations  4.10.05 
and  4.10.06  are  not  lnoluded  in  the  aircraft  performance  report  unless  actual 
range  and  endurance  data  are  to  be  Included  -  In  most  oases  only  ths  specific 
range  is  presented  as  a  function  of  calibrated  or  standard  day  true  speed  at 
speolfled  altitudes  and  weights. 

Since  Mach  number  can  be  defined  as  a  function  of  pressure  altitude  and 
calibrated  (indicated)  speed,  equation  4.10.06  may  bs  expressed  at  a  constant 
altitude  as. 
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(4.10.10) 


-  t  (v0,  w) 

■  f  (Vta'  (4.10.11) 

wf 

where: 

-  standard  day  true  spaed  for  Vc  and  given  altitude 

These  equations  are  plotted  in  the  final  report  as  in  Figures  4.10.5  and  4.10.6, 
for  each  major  configuration.  For  reducing  data,  it  should  be  noted  that  at  a 
given  Mach  number,  velght,  and  altitude  the  test  and  standard  day  specific  range 
are  equal.  The  plots  of  Vtftf  vs  T-*  are  used  as  an  aid  to  pilot  technique  since 
it  is  simpler  to  fly  at  a  constant  Vc  than  at  a  constant  V^.  It  should  be  noted 
that  in  Jet  powered  aircraft  the  speoific  range  increases  with  altitude;  however, 
if  high  enough  altitudes  or  heavy  enough  weights  are  flown,  a  value  of  w/dawlll 
be  found  that  gives  a  max  specific  range. 


The  effects  of  weight  variations  on  specific  range  are  of  much  less  magni¬ 
tude  for  turbojet  aircraft  than  for  conventional  aircraft  of  equal  size.  This 
is  because  the  beat  range  conditions  are  at  about  0.5  Mach  number  or  above,  and 
the  induoed  drag  in  this  speed  range  is  a  very  small  percent  of  the  total  drag, 
nevertheless,  weight  variation  can  have  a  considerable  percentage  effect  on 
turbojet  range  because  of  their  Inherent  short  range  characteristics  for  a  given 
size.  Typical  weight  effects  on  range  can  be  seen  graphically  in  Figure  4.10.3 
where  the  specif io  range  parameter  is  plotted  vs  M  for  constant  values  of  v/<5a. 
In  this  plot  the  sea  level  standard  weight  effects  can  be  seen  directly,  and  the 
effects  of  weight  variation  on  speoific  ranges  at  any  altitude  can  be  readily 
computed . 

Actual  range  can  be  computed  with  data  from  plots  suoh  as  Figures  4.10.5 
and  4.10.6  by  assuming  the  Mach  number  be  held  constant  and  the  weight  pressure 
ratio  to  be  held  o ana t ant  by  a  slow  olimb.  The  range  in  this  case  is. 


Bg 


(4.10.12) 


The  necessary  rate  of  olimb  to  hold 


a  constant  weight -pres sure  ratio  is. 


2a  .  hi  vt  T« 

at  Vi 

where: 

«SL  •  altimeter  rate  of  climb,  ft/mln 
dt  . 

Wf  ■  fuel  flow,  lbs/hr 

Ta  "  standard  temperature  (°K)  for  pressure  altitude) 
WX  -  weight  at  start  of  cruise 


(4.10.13) 
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SPECIFIC  RANGE  _  SPECIFIC  RANG 

NAUTICAL  AIR  KILES/lR  OP  FUEL,  NAUTICAL  AIR  MILES/LE  OF  TJEL,  Ft/*: 


Figure  4.10.5 

Ueual  Report  Presentation  of 
Turbojet  Spec if io  Range  Bata 


200  300  400  500 


STANDARD  TRUE  AIR  SPEED,  Vtfl 
Figure  4.10.6 

Ueual  Report  Preeentatlon  of 
Turbojet  Specific  Range  Data 
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DATA  RXDOCTIOV  OUTLHS  (4.10.1) 

For  Fuel  Flow  Fartoattr  and  Specific  Bang* 
Calibrations,  Turbojet  Aircraft 


VOTKa  This  data  reduction  la  a  sequel  to  the  Level  Flight  Power  Calibration* 
Data  Reduction  Outline  4,8l. 


(38) 

"ft' 

Is /hr 

Teat  volumetric  fuel  flow,  fro*  flow  aater 
or  timed  Increments  at  stabilised  fro  we  r 

conditions 

(39) 

*ft> 

lbs/hr 

Teat  fuel  weight-flow  (38)  x  lb/gal 

(40) 

"n  , 

Fuel  flow  parameter,  (39)  +  (6)  and  (18) 

"V^at 

(41) 

Plot  (40)  (31)  a a 

in  Figure  4.10.1 

(42) 

(fVt) 

Fuel  flew  parameter  at  standard  v/d,  from 
(41)  and  (33)  a 

\6m  v°at  /w 

(43) 

free  (5)  and  standard  altitude  tables 

(44) 

£Bg 

■autloal  air  miles  per  pound,  (12)  z  (43) 

♦  (42) 

■Fill  If  fuel  parameter  weight  oarreotion  le  not  need  ®g  ■  Rl2)  x  ( l8 

«■  £(39)  x  (Try 

(45)  Plot  (44)  ye  (10)  and  (12) 


4-4l 


Am  6273 


Whenever  tbruet  measuring  inrtrumentat Ion  is  installed,  actual  thrust  de¬ 
livered  my  fee  computed  by  the  methods  of  Chapter  Three.  In  lieu  of  tall  pipe 
instrumentation  the  engine  manufacturer's  expected  performance  curves  may  be 
used  to  approximate  flight  thrust.  In  this  oaee  values  of  h/V®^2  &n^  ?t2/?a' 
ram  pressure  ratio,  must  be  calculated.  Since  the  engine  net  thrust  equals 
the  aircraft  drag,  It  may  be  substituted  wherever  drag  la  used  In  plotting,  or 
It  may  simply  be  called  drag.  Equations  4-. 210  and  4.21?  define  the  two  baalo 
drag  plots.  In  one  plot  drag  is  shown  as  a  function  of  VtVd?  •  This  plot  Is 
valid  only  for  the  weight  and  altitudes  at  which  It  was  flown.  Figure  4.11.1 
shews  a  typical  Fn  vs  plot. 


BQUIYAIBIT  UR  SPEED,  (Vt  &) 


Figure  4.11.1 

Typical  Drag  or  Bet  Thrust  vs 
Equivalent  Speed  Plot 

Two  other  farms  of  the  drag  plot  are  shown  In  Figure  4.11.2,  in  which  the  thrust 
parameter,  Fn/Pa  or  Fzi/(a,  la  plotted  vs  the  weight  pressure  parameter,  v/Pft  or 
V/fe  ,  and  Mioh  number. 


MACH  NUMBER 


V/6* 


Figure  4.11.2 

TVo  Forms  of  Plotting  the  Laval  Flight  Drag  Data 

Ui«  Fn/&a  ▼»  W/ga  plot  vlth  oonatant  Maoh  number  paramo to re  nay  ha  derived  hy 
oroae  plotting  aa  was  dona  In  Ssctlon  4.9  to  obtain  If/V^  v/g  for  oonatant 
Maoh  number  parameters.  Thla  plot  la  valuable  In  daternlnlng  net  thrust  required 
for  any  altitude,  velght,  and  speed. 


Vhsn  net  thrust  has  been  determined ,  Cj),  Cjjp,  and  "e"  are  determined  from 
values  of  C]>  Pa,  M  and  the  aircraft  dimensions.  His  following  equalities  and 
constants  are  useful  In  these  computations . 


Ta  •  D 
CD 
CT. 


295  Fn 

0.0202  Fn 

.  S>, .9 oo$75 

<£) 

CfVt  2  3 

1 

.** 

* 

m 

fa 

mm 

gSg.V- 
<rvt2  a 

.  flaSggJf 

•  0.000675 

M6  8 

iv 

• 

^(Cp  -  Cpp) 


MOTE: 


°m  •  £=_ 

Cjjp  ■  C©  **  Cj^ 

With  the  above  equalities  oonatant  C.  parameters  may  be  oon- 
struoted  as  shown  on  Figure  4.112,  from  simple  slide  rule  cemputati 


when  Ci  or  Cjf 
then  Cjji  •  0 
and  Cpp  •  CD 


ons. 


The  Intarseotions  of  and  w/£a  parameters  may  be  used  to  compute 
Cjj  values  and  a  plot  made  as  shown  in  Figure  4.11.5. 
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where: 


t 


Fn  .  lbs 
\  •  toots 
3  .  ft2 
**  -  "He 

The  Cl2  -re  Cj>  plot  will  be  a  straight  line  (rigors  4.11.3)  as  long  as 
the  incompressible  theory  Is  valid  but  vlll  show  breaks  where  the  drag  curves 
rise  due  to  the  effect  of  Mach  nuaber. 


Figure  4.11,3 

Method  of  Plotting  Lr*g  and  Lift  Coefficient 
and  Mach  timber  Data 

Airplane  efficiency  Is  easily  calculated  by  using  the  Cjjp  value  defined  by 
the  point (Cj2*  o)on  the  Cfjf  vs  Cj)  plot.  This  Is  aceceaplishsd  by  drawing  a 
straight  line  through  the  Incompressible  points  (low  speed)  on  the  Cr2  vs  CD 
plot.  The  Intersection  of  this  line  at  (Cj2*  0)  defines  Opp.  In  the  Incom¬ 
pressible  range  Djjp  Is  oonsta&t  but  It  increase*  rapidly  as  supersonic  flow  Is 
developed  over  ths  wing;  hs&oe,  a  plot  of  Cjjp  vs  >fcoh  nuaber  as  In  Figure  4.11.4, 
will  Indicate  the  Mach  mutters  at  whloh  compressibility  effeote  will  be  found. 

At  higher  altitudes  (larger  v/fc,  values)  Cjff  will  show  an  Increase  from  com- 
preaelblllty  at  lower  Mach  matters  than  required  at  lewer  altitudes  (smaller  U/fi4 
values).  This  illustrates  ths  fact  that  Cq>  In  ths  compressible  range  Increases 
with  Cj,  or  angle  of  attack  at  constant  Mach  numbers . 
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PROFILE  DRAG  COEFFICIENT 


if  .026 


Large  W/b( 


Small  V/fc- 


.4  .5 

MACH  NUMBER,  M 


Figure  4.11.4 

Plot  Shoving  Effect*  of  M&oh  Ntuaber  and 
V/A4on  Profile  Brag 


mmmmwmm 

mmmmwAfMim 
mmmwMfAfAm 


mmZ£X~H9UVMTA\ 


onet. 


MICH  HUteXB,  M 
Figure  4.11,5 

Cjj  Shoving  Critical  Mach  Ho.  and  Buffett  Boundary 
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DATA  REDUCTION  OUTLHW  (4.11.1) 


NOTE: 


(46) 

(47) 

(48) 


(54) 


(55) 

(56) 

(57) 


(58) 

(59) 

(60) 


For  Determining  Drag  and  Lift  Coefficients 
and  Aircraft  Efficiency 


•Oils  data  reduction  ie  a  sequel  to  the  Level  Flight  and  Range  Data 
Reductions',  4.8l  and  4.10.1 


lhe 


Hot  thrust 


from  CHART  8 . 3 


lhe 

ft2 


knots  Equivalent  speed, 

(5)  and  (11) 

(47)  as  in  Figure  4.11.1 

Bet  thrust  parameter,  (46)  (6) 

Wing  area,  froa  aircraft  specs 
Aspeot  ratio,  from  aircraft  specs 
From  (11) 

Total  drag  coefficient,  0.000675  x  (49) 
+  R50)  x  (523 

Lift  coefficient  0.000675  x  (25) 
g50)  x  (523 
From  (54) 

(53)  as  in  Figure  4.11.3 

Profile  drag:  coefficient ,  from  extrapo¬ 
lation  to  Ctt  -  0  of  incompressible 
portion  of  (56),  Figure  4.11.3 
Induced  drag  coefficient,  (53)  ~  (57) 
Alraraft  efficiency  factor  (55) 

058)  x  (51)  xiT] 

Plot  (57)  vs  (11)  as  in  Figure  a. 11.4 


Plot  (46)  vs 
|n/6a 

£ 

CD 

Cl 

CL2 

Plot  (55) 

Cep 


Cm 

e 


iron: 


"e"  needs  to  be  determined  at  only  one  point  on  the  incom¬ 
pressible  cr  Cj)  plot. 
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SFCTION  4.12 


STANDARDIZATION  OF  JET 
CONDITIONS 


ffST  AUGMENTATION 
NOS 


Data  standardization  In  ths  high  thrust  range  of  automatically  controlled 
engines,  variable  area  nozzle  engines,  or  for  thruet  augmentation  conditions 
ie  not  always  amenable  to  the  use  of  elementary  engine  operation  parameters 
such  as  N//^8£.  In  these  oases  various  Jet  nozzle  positions  cr  particular 
throttle  settings  ("normal",  "military11 .  "maximum")  will  all  give  different 
flight  speeds  at  a  constant  For  these  condition#  a  plot  such  as 

Figure  4.83  would  be  meaningless. 

Test  requirements  will  usually  demand  standard  speed,  altitude,  and  weight 
data  at  a  particular  throttle  position  (do tent),  or  rpm-Jet  temperature  combin¬ 
ation,  or  augmentation  setting.  Standardization  under  these  conditions  nay  be 
accomplished  by  uee  of  FQ/8a  “  */8a  “  Mach  Ho.  plots  ae  shown  in  Figure 

4.11.2.  The  engine  manufacturer 'a  perfornmnee  data  will  provide  a  means  of 
obtaining  incremental  thrust  correction  for  ambient  (or  inlet)  temperature  var¬ 
iations  at  the  given  power  settings*  Although  the  manufacturer's  actual  engine 
thrust  data  my  be  inaccurate  the  incremental  values  obtained  from  the  slopes 
of  his  data  will  provide  sufficiently  accurate  thrust  corrections ,  If  these 
net  thrust  corrections  for  ambient  temperature  variations  (or  any  other  non¬ 
standard  engine  condition)  are  available,  the  following  steps  will  standardize 
the  flight  speeds  and  Mach  Ho's,  in  conjunction  with  Figure  4.11.2.  If  possible, 
flight  thrust  measurement  should  he  need  to  obtain  this  figure.  The  manufactur¬ 
er's  expected  thrust  data  can  be  used  for  this  plot  without  seriously  impairing 
the  accuracy  of  standard  flight  speed  data  obtained  by  this  method. 

a.  If  test  V/8a  values  are  more  than  one  (1)  percent  from  average  values, 
correct  data  to  constant  W/®a  values  as  before. 

b.  Select  weight  and  altitude  desired  at  average  W/8a  value.  (This 
should  not  be  more  than  £  5000  ft.  of  test  altitudes). 

c.  Determine  tD  for  selected  altitude  and 


At 


d.  Calculate  AFn/8a  for  Ata  of  (c)  above  and  add  to  test  value  of 
V®a  for  the  given  thrust  setting. 

e.  On  Figure  4.11.2,  ueing  corrected  Ta/^t  establish  M  for  standard 

altitude  on  mean  curve  or, ueing  AFn/8a  values,  move  test  point  para¬ 
llel  to  V/8a  curve  to  standard  and  X. 

The  final  standardised  plot  for  a  given  weight  will  appear  as  in  Figure 
4.12.1. 
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figure  4.1/./A 

Bffscts  of  non-* tandorfi  teaipamtur*  my  to  counted  M  before  end 
m  shown  In  Tijur* 


Tigure  4.12,2 
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POWff.  CORRECTION  FOR  WEIGHT  CHAHOE 


CHART  U.Ul 


HUi 
iiiii 


ABW  T,m 

§  i  a  i  a  §  e 


SHBE 


K~3| 


BHamlHMMta  Ilf  ■ 

_^Bsss  sig55  fc£t'.*.ii  xrn  it 


faiFSi 


isnini^g 

silil 


j3ssi 


5= 


(iiinirrH 

l:xsv. 


Cl:  -:i 
:r~  1 

_  ^  _  _ _  '  «  '^j 

Sr;  jFH  Sri  I—;  ErEErEi-’  -  '>2 
2bir3;£!~srr:  ^r~:sr=aS*^rr;rS:::lI:  | 


-‘-riliEESEH-i^i^ESES— 


S~~= 


2?:§«?23!' iil  jM=57S!  §=  sy:  ::S  ErESEESES  Hd  SH 

IliFllH 


ss:-.£3 


_ _ „ _ _ ( _ | 


4-52 


8§aa§§ggf3g 


Btnnrn  aomou  -uom 

ARB  6273  (SUBS  li.kl 


4-53 


8  S 


s  a 


S  5E 


*8B1  OHVSftDHi-JHOiaM  880® 


APS  6273 


CHART  4.41 


r"\mr,tW? 

-  - 


UdTHL  10  qaofls  1B0HT  RATIO  FCB 

CCMPUTATIOIS 


CHART  U.71 


FT 


!»■-•  i 


TTT 


::::::::::: 


iiiiiii 


_ ■•«••••■«••«§*•  ■  *  a  •  •  •••••  • 

•  ■••■•■■■a  a  a  a  a  k‘*  *aa  •  ■  a  a  a  •  a  a  a  a  a  *  *  a  a  •  •  ■  •  •  •  •  *  a  •  •  »  a  •  •• 

•  MMlilM  **•■  *•*■*•  *■••■■  a*  a*  a  aaaa  a  a  •  ••  •  ••■*  •  •  •  •  •  J £■■■ • 

Zaaaaaaan* ****a^feaa* »  'aaaaaaaa • a ■ 

*!|||||||| jala* •••••■*■•••■*•• ••■•■ 


_ _ _  .  _  . . 

■  •■a  . .  I 

•  mm  mm  m  mm  mm  a  a  a  a  a  a  ■  ■  a  m  •  mimim*'  »•••■••■»■  ■  mm  mm  m  **•  •  | 

a  a  a  a  m ••■a^« aaaaa 

MiiaaitaiviMiatmaa  j*t»«»«i 

- i  aaaai  aaMaiaa*  .  aaaaa  aai 

MHMIMMM'  . I 


r  •a«M*MM»*a*»aa«i  | 

#a«*»r aaaaaaa««aaaaa aa.aaaaap. I 
_ f  a  a*Taa2aa‘a  aaaa  aaaaa  aaaaa  aaaaa  I 

a  a  a  a  a  a  a  aaaaa  •  ••*•  "a  •«•••!•■  •  **•■  aaaaa  aaaaa  aaaaa  I 

. . .  . . .  I 

aaaaa aaaaaaaar  a aaaaa aaaa • aaaaaaaaaa  aaaaa aaaaa ■ 
aaaaa aaaaaaar  «a  a aaaa aaaaa ta« »a aaaaa aaaaaaaaaa 


aaaaaaaaaa  aaaaaaaaaa aaaaaaaaaa aaaaa aaaaa aaaaaaaaaa aaaaaaaaaa aaaaa 
aaaaaaaaaa aaaaa aaaaa aaaaa aaaa a aaaaa aaaaa  a a aaa  a a aaa  aaaa a  aaaaa aaaaa 
•  ••••uiii  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  ■  aaaa 

. - . 

lIHIIMffijglllllffllSBlSIMSlillllliililS 

mgBHHBBBliAi 


I :::::::::: :::::: 


:::::: 


:::::::::::: 


aaaaa  a«*ai  aMaefcaaia  a 
aaaaa  aaaaaaaaaaaaaaaa 

:::::::::::::::::::::  __ 
I:::::::::::::::::::::::::::::::::::::::::::: I 


atfMiai  I 


U::j ::::: jj 


*••*■•  ■•••■•■■*•••••••■*•■»  •  •  •  • 

aaaaaa  aaaaaaaaaa aaaaaaaaaa  .aaaa 


aaaa  aaaa 
M»*  •  wmmm 


a  aaaa  rfaaaa aaaaa aaaaaaaaaa aaaaa aaaaa aaaaaaaaaa aaaaaaaaaa  aaaa*  a*  a  a  a 
aaaaa  aaaaaaaaaa  iiaiaiatai >  aaaaa  ii*ia  * . . 

aaaaa  aaaaa  aaaaa a  a aaa  aaaa* aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaai aaaaa 

. . . . . . . . mi 

a  aaa>a  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa. aaaaa  aaaaa  aaaaa  *  *  ■  a  •  aaaa* 
•  a*  aaaaaiaiiaaaaaaiaaaaaaaaa#aaii*a«aa«. a  aaaaaaaaaaai* 

aaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  . . . 

aaaaaa  aaaaaaaaaa  »M»«  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaa*  . . . 

ill . . . . 


.  . . . . . 

**"""*"""*"*""#""*X* ■*"******"***•! ■**■••**** 

aaaaaaaaaa  aaaaaa*** 

•  *a**a#aaa  aaaafeaaaa*  a'  aaaaaa**  aaaaa 

•  **aa  aaaaa  aaaaaaaaaa  a  •  a  rt aaaaaaaaaa 

I  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa aaaaa 
aaaaaaaaaa  a*##* aaaa  aaafca  apaaaa**** 

. . 


■  ■•••■•■a*  a*«*aa  *****  *a*a*  ■■•••  #aaa*a«*a*  *****  . . .  I 

*aaa*a*aaa  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  *****  •••«<••■«■  I 

•  a  a a  *aa^aa aaaaaaaaaa  a****aa**a aaaa****** *****  *****  aaa**  *****  I 

•  ■•■■•Ilia  •■•••aaaa*  ••••*••■■■  llllllaiai  *««•*  ••«•«  •'•■*.«  aaaa*  I 
*■•■■•1***  a*********  aaa**«***a •■•aaaaaa*  aaaa*  a  a  4  •  a  *****  aaaaa  I 
a*********  ■■■■KMM  •■■*■••*•■  M«a«»«4*i  a**aaa*«*a  «•*•••••■•  I 

* -  ■•••••*•■**•••*•••••■•••••**■••■ 


aaaaa  aa*2a  aaaaa ••■•••**•* ••■•■•■■•••••■••*•••  •*•••**•*• aaaaaaaaaa aaa*ai***fa**aaa*aa* ***** 
•  aaaa  a*a«aa**aa  aaaaaaaaaa  •■•■•••■•*■*»*•••■•■•■■•*■**•■  aaaaaaaaaa  aaaaa ■•••«••«•■ 
aaaaa  aaaaa  a*a*a aaaaaaaaaa  aaaa 


a  aa aaaa***aaaa*a***  a  a* ■  ••■••<*•••••*•••• •**■■■■*••  ••*•*•**•• **a*a**aa^  I 

aaaaaaaaa  aaaaa 'aaaaa  ***a*aaaa*  ai»aaai*a<jaaa*aMt(  a,  aaaa  aaaa*  *****  aaaaa  ■■■■•  mai  I 
*•••*••■■'•*•■•••■•■•■■■■•••••••••■••*•■ *■•■■■«••• •••••••■•••••■•■■■■*  *•■■•■*•*« 

■  «**■*■•*-•••■•  aa  a*«*aa**aaaa*  aaaaaaaaa* ■**•*•■■••  aaaaaaaaaa •■*•■•■•*• •■*■•■•*■ 
a  aa*  aa  a  mm  aaaaa a aaaa  aaaa****** •••taaa  aaa  aaaaaaaaaa  aaaaa  aaaaa *****  •***«•■*■• 
aaaaaaaaa  a  a  mm  ■'*•*■*  *•**•'*•■■•  aaa**a***a  **a*****Ba  aaaaaaaaaa  ■*•**■••**  I 

*■••**••• *■■•■ a  k  a  a  a *■■**•*■■■ •■■■••aaaa •••■•••••* ••■«*■••*•••■■*■•■■■ *■••*•••■•  I 
*  a  ■  a  aaaaa  •■■*•  ***•■  *a*a  *'■*•■•  ■  aa*i  aaaa*  aaaaaaaaaa  *****aaa*aa***a****a  aa***  a'k  a  *  *  I 
_  _  _  aaaa  aaaaa  •■■■•  a*1***  aaaaa  aa***  ■■■•*  aaaaa  aaaaa  ■•*  •  a  •••■•  •••••  *«*•■•■  *  *  ■  •■  ■*  a  a  ■■*•  I 

I  aaaaaaaaaa  it *  *  •  aa  a  a  *  *a  a  *•  •  • a a*  **  a  *  a  a  a  a  a ■ a  a  a  a  a  a  a  a a  a • a ■ a a* ■ a *" *  a a •••*■••*• a  a  *■■■■•■■■■•■■*••• a  a a ■••••»•*■••••••••■ •  | 

I  *aa*a  ■  •  mm  a  ■  •  •  a  . . .  •«•*•»*•••  . . . 

I  •••••***•■«•*«•*•*■■ aaaaaaa*a* •■■*■•*■•• aafca* • 

I  aaaaa aaaa* *aa  •  • a * * a  a  •  ** a • • * * a a  • *a a *  a a * * a - 

I  »*•  •■ *a**a<***a*aa**ajaaaa  *>■*• 


•a ••■••■•• a a a •• a  •*••• 


•  •■•■•••■a •••••■•■■• ••■*••••■• •••■■••■** •■•«■■••*•  ••■*••••• 

•  ••■••■••a  »••*• ••■•• •*■■■••*••  aaaaaaaaaa  •*•*■*■**•  •*aaa*a*^*  I 
•  a-a  aaaaaa*  •■»•*■*■■■  ••***••■*■  *aaaa**aa*  •*••*•■•*■  •■•aa**w**  **■••••■■•  aaaaaaaaa.  | 

■• ■•••* ■  ■•••••••■• ••••• ■•>*«•••«■ ••■■••*■*••■•*••■••■«•••■••*■• ■■•■•■***• 

*a • aak*  aaakaaaaaa  *•••• aaaaa •*aa**a*aa  k**4aaaa4*  •*•■■•****  ••*•••■■■■  ■■■•■•*••■ 

a  a  aaaa*  •*•■■■*■•*  aaaaa  a*.*  a  a  aaaa*  ■■*•••••  a*  aaa*«aa**a  •• 


•  !■!•*!••!•  •*••*■■■  aa 

.  . . .  . . 


l.U  1.6 

li/1% 


CHART  U.71 


4-55 


(BOSS  VBXGBf  'FACT®,  2/Vf 


CHAPTER  PIVX 


club  aid  mcnr  fbfogmabcs 
sbctioi  5.1 

Bitt  of  Cllab  hrwrtin  -  terlYitloo 

An  alreraft  cl Labe  biMOM  the  power  bei ag  developed  la  greater  than  the  power 
that  would  be  required  to  nalntaln  level  mseoelerated  flight  under  the  earn  ataoe- 
pherlo  and  velocity  conditions.  Thla  conversion  of  ezceea  power  Into  rate  of  ollab 
■ay  be  shown  graphically  and  analytically.  Conalder  the  foroea  acting  on  the  air¬ 
craft  aa  shown  In  Figure  5-11. 


Figure  5.11 

Yeetar  Presentation  fear  Cllnblng  Aircraft 


Frcn  thla  figure , 


L 

Tm 

v 

Y  a  In  9 


V  ooa  0 
D  *  ¥  sin  « 

Of  4  vr  ala  I 
4fe-  FM Y  -  VT 
it  — s - 


-It  ■  35,000  (WPa  ~  ^HPr) 

dt  w 


(5.101) 

(5.102) 
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item 

L  *  lift  force  (Iks) 

V  *  aircraft  gross  weight  (lbs) 

0  ■  dish  eagle 

*na  «  net  thrust  available  (lba) 

D  *  Pjq.  m  drag  force  «  lerel  flight  drag  (Us)  »  net  thrust 
required 

V  *  aircraft  velocity  on  ollsb  path  (ft/aio) 
dh/dt  *  tape  line  rate  of  cliab  (ftfrln) 


™1‘*  =  33  #000 


•  available  thrust  horsepower 

required  thrust  horsepower  to  Seinteln 
uaaoeelarated  level  flight 


RDTBf  Equations  5.101  ar 3d  5*102  ere  baaed  cm  the  aseueptlon  that  far 
new  11  values  of  0,  O*-  20?  the  lift  fame  is  equal  to  the  pros* 
weight*  The  ease  of  the  large  clinb  angle  will  be  di •trussed  later* 

figure  5*12  displays  graphically  the  typieal  variation  of  (THPa  -  THPr)  vith 
olisbing  velocity. 


figure  5*12 

Xrpiesl  fewer  Available  and  fewer  Required  Curves 
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Certain  aerodynamic  considerations,  assuming  parabolic  variation  of  Cp  and 
Cj,  are  used  in  developing  the  rate  of  climb,  induced  power,  and  parasite  power 
relationships. 

(5.103) 


D  -  CppqS  ♦  CD1qS 

B  -  CD^S  *  fefS; 


where  t  L 


D  .  0^8  . 

where: L  -  V  cos  0 
Substituting  0.7  P^M2  for  q, 

I  -  CDpliP.*2  ♦  jTj^ 

where:  L  «  ¥ 

•  * 

where:  L  -  V  cos  9 

Dividing  by  Fa,  the  ambient  pressure,  in  equation  5.104, 

f?  °D<>kl*  * 

where* 

■  -  flight  Mach  maber 
C„p  -  f(H  and  V/P.) 

Pt  -  atmospheric  pressure  (lbs/ft^) 

In  -  0.7S  (ft2) 
k2  -  2.2b2e  (ft2) 
b  •  wing  span  (ft) 

•  m  airplane  efficiency  factor 

**  .  bT/S 

It  baa  been  shown  that. 

Fur? 


(5.104) 


(5.105) 


(5.106) 


*  55?fe  •  55?feo 


where  F 


nr 


thrust  required  to  overcome  Drag 
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or 

T 

55,000 

Welding  by  ?4  V\; 

_ _  .  0  ▼ 

P 


33,000  Pa  35,000  P4  V^[ 


■  .  >na  7  _ 

Pt  33,000  P,  y£ 

Ai  shorn  In  Chaptor  Ons, 

“  H  x  constant 

v,a 

Using  this  rslatianahlp,«qnatlocs  3*107  and  5*100  any  bs  srittsn  in 


THPr 


-  r 


TEP, 


-  !s 

p- 


SBbstltnting  sqnatioa  5*109  la  5*106, 

?w-  •  '* 


jj-n; 


Thscrsfaro, 


».  V5 

rrca  snglns  pcrf 


(*c) 


Isfsl  naseoslsratsd  flight 

analysis. 


<n.i 


short  <  T|p-  jropsllsr  efficiency 


-  *» 


-  f 


tvrbojqt 

aircraft 


(5*107) 

(5*100) 

the  form, 
(5*109) 

(5*110) 

(3.111) 

(5.U2) 

(3*115) 
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Iquatlen  5,112  applies  to  both  propeller  driven  aircraft  and  turbojet  aircraft, 
while  equation  5.113  applies  to  turbojet  aircraft  only. 

Tran  the  functional  poser  and  drag  equations  the  rate  of  oliab  functional 
paraaeters  are  derived . 


Trcn  the  rate  of  oliab  equation. 

4k  «  33/000  (THP.  -  THPr) 

”  V 

(5*102) 

This  aaj  he  divided  by  and  then. 

4k  *  33/000  P.  /  TBPa  THPr  \ 

-^r  »  V  P.\A  '  P*VW 

(3.11*0 

Fro*  equations  5*112/  5*113  and  5*11^/ 

4k  »  t  /  THP.  W  \ 

dt^  ^  p  H>  prop*!!#**  driven 

(5*115) 

4k  *  f  /!»  .  m,  JL\  turbojet 

-fc  O 

(3*116) 

4k  _  f  /  r~  L\ 

-^r  '  (  p.  ’  V  t“r‘,OJ“ 

(5.117) 
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SBCTXOS  5.2 


iffiBtafrgf,  v?  Bftfr  <rf  rut? 


Ab  teat  day  and  standard  day  flights  ara  assumed  to  be  at  the  sane  pressor* 
altitude,  it  is  only  necessary  to  sake  atmospheric  perfcraanoe  oarreotions  for 
temperature  difference s.  The  corrected  pressure  altitude  at  which  the  aircraft 
flies  is  denoted  by  the  synbol,  Hq,  and  the  tapeline  altitude  by  the  symbol,  h. 
The  relationship  between  t-ipeline  and  pressure  altitude  increments  is  given  by 


dh  4 


ht 

las 


for  (PM  - 


*at) 


(5.201) 


where t 

*  Density  for  which  instrument  is  calibrated  -  standard  density 
at  the  pressure  altitude 
■  Density  at  test  pressure  altitude 
Taa  *  Standard  tenparatore  at  the  pressure  altitude 
Tat  «  Test  temperature  at  the  pressure  altitude 


Then, 


dh 

dt 


tapeline  rate  of  climb  at  test  true  speed 


(5.202) 


In  the  parameters  of  equations  containing  fa?  Xat  nay  be  substituted. 


Then, 


tapeline  rate  of  oli.il>  at  standard  day  true  speed. 


And,  f*cm  equation  5.202, 

25a\  S$  .  „  tapallne  rata  of  dir*  at  standard 

dtVTat  dt  VTaa  *  day  true  speed 


(5.203) 


In  equations  5.115,  5.116  and  5.117  it  is  seen  that,  for  a  constant  M  and 
V/t a,  the  rata  of  ollafc  parameter  Tories  with  the  power  parameters. 


TBPa  W 

vt: 


or 


?na 

\ 


As  clinks  are  flown  at  oonstant  rpm  in  turbojets  and  at  constant  urn  aauirnlil 
pressure  schedules  in  propeller  driven  eir craft,  temperature  variations  from 
test  oonditiona  will  eanss  changes  in  the  Talne  of  the  rate  of  ellab  parameter. 
Ibis  rate  of  olimb  increment  for  temperature  effects  on  power  is  called  £&/ Ci» 
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(5.204) 


Fr cm  equation  5.101# 


1~X  VC  J 


1°1.3  Ttt  l^T. 


VC 


(5.205) 


where : 


.Itt  •  teat  airoreft  ollab  true  speed  (toots) 
•  a(?u- "Di,  D  assumed  constant 
Vt  -  test  weight 

In  terns  of  Maoh  number  and  (Fm/ 4a); 


AR/^ 

A(rM/4a) 


151.9  M  P.  VC. 


(turbojet  aircraft) 


(5.206) 


AR/C,  3946  VT~ 

iTMifo)  '  "5^  <5-207' 

where*  <5#  .  Pa  (lnohes  Rg)/29.92 
Kras  equation  5.102, 

AR/C*  -  33.000  I1®--  “  THP  .  *\  / T  )  (reciprocating  (5.208) 

lit  V  at  V  IT*"  /  engine  aircraft) 

^  Tat 

Iroe  reolprooatlng  engine  power  theory  the  effects  of  temperature  on  power 
available  are  an  effeot  on  the  carburetor  teaperature  and  the  effect  on  sanl~ 
fold  pressure. 


Tram  Chapter  Two, 

BRPm  2  BHPat 


Substituting  equation  2.201  in  equation  5.208, 


33,000  BliP 

AR/Cj  «  - y - -  (1 


las 

)  n_ 
^at  P 


(2.201) 


(5.209) 


or,  in  terms  of  test  brake  horsepower 
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AR/C, 


33,000  BHPat 

- - FT - 


mrzm  r^r 

J Tas  v  ^at  J  ^ 


(5.210) 


And  above  critical  altitude 

33,000  BHP 
AU/C1  -  - - 


equation  S.208  becomes 


There: 


(5.211) 


»»  “  standard  day  manifold  pres  sure 

K*t  “  test  day  mol  fold  pres  sore 

Si.  - ,  /Sbl  “tl 

»t  I’m  *.  I 

^p  “  propeller  efficiency,  average  value,  0.83 

Bgoation  5*211  1»  plotted  In  CHART  3*21  for  use  in  determining  A R/C^  far 
reciprocating  engine  aircraft,  from  value*  of  BHP*t,  T  /T  apd  MPt/P  . 

Ibe  manifold  pressure  correction  for  wlr  only  le  applied  In  the  chart  without 
Introducing  any  error  of  magnitude  In  eaeea  of  mixture  blower*.  Taluew  of 
BH?a» ,  the  power  developed  during  the  ellab,  may  be  determined  from  torque  - 
meter  reading*  or  from  engine  power  charts. 


lunation*  3.206  and  5.2 07,  plotted  in  CEABTS  5.22  and  5*2?,  are  need  to 
determine  AB/c^  for  Jet  aircraft.  Tain ea  of  (Tn/4.)  corresponding  to  Incre¬ 
ment*  of  l/Vfejt  are  fomad  for  Jot  aircraft  from  a  plot  of  FjJS^  r*  T/V^  a* 
described  in  Chapter  Three  and  Illustrated  In  Figure  5.21  helow. 


Fn/<Ja 


S/Wk 


Figure  J.21 

Topical  Corrected  Bdt  Thra.st-Bpm  Plot  for 
Sate  of  Climb  Correction* 

5  -8 
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srcnow  5.3 

Weight  Variation  Correction,  to  Bate  of  Climb  Data 


An  aircraft  rate  of  olimb  at  some  given  gross  weight  aa y  he  oorrecte-* 
mthemtloally  to  give  the  rate  of  dish  at  sane  other  groee  weight.  This 
■at hem t leal  rate  of  climb  correction  for  velght  variation  assumes  that  all 
atmospberlo,  Telocity,  and  pcwer  conditions  are  tho  sane  for  hath  groee  welgbte. 
For  this  reason, weight  corrections  are  applied  to  standard  day  climb  data, 
this  aethod  farther  Implies  that  the  effects  of  weight  ohangee  on  the  ccapressi- 
hlllty  drag  are  negligible.  This  latter  assumption  is  not  generally  valid  for 
flight  Mach  numbers  above  0.6.  From  equation  5.101, 


In  terns  of  the  drag  or  thrust  required,  equation  5.104, 


yna 


(»)  (f)' 


CI>P  *1 


W2 


Differentiating,  with  V  and  dh/dt  the  only  variables. 


(4h\.  - 

(ih)  &  t 

2V  dw 

1  dt  ) 

j\_dt  )  W 

where: 

£  ‘  S/°  *•  “/«!  *  «/Cl 

dw  •  (w  -Wt)»  AW,  lbs 
V  *  flight  velocity,  ft/nln 
P.  *  atmospheric  pressure,  "Eg 

4  -  i».«  ?.  («*) 

Then, 

Afi/C2  .  _  (dh/dt) 

AW  W 


ft /min 


(5.301) 


(5-302) 

(5.303) 


(5.304) 


ab/c,  _  _  50.65 

AW  P4  Ji  bS  e 


(5.305) 


Values  of  (AB/C^AV  are  easily  ocaputed  fro*  and  dh/dt.  Yslues  of (ab/Cj^  aW 
my  be  found  from  CHART  5.31  as  &  function  of  pressure  altitude,  Mach  number  and 
wing  span.  The  total  weight  correction  to  rate  of  ollmb  is. 


A  R/Cg  +  AB/Cj 


(5.306) 
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Where  the  angle  of  clifflb  is  not  negligible,  0>2O*  an  error  in  AR/C3  of 
ten  percent  or  larger  will  be  introduced  since  the  normal  load  factor  departs 
significantly  from  lg.  In  that  case  the  induced  drag  may  be  set  equal  to 

(  nW)2 

n  M  e(qS) 


and  the  following  equation  derived: 


ar/c3 


2S.36  7tT.  1  t 

P  b2e  M 
as 


5.307 
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SBCTIOir  5  A 


Vertical  Wind  (hradlerrt  Comotion  to  Bata  of  Clihb 

As  aircraft  dialing  through  a  vertical  Tlnd -veloolty  gradient  Till  experi¬ 
ence  a  horizontal  acoeleretian  if  the  relative  Tlnd  direction  le  negative  and  a 
horizontal  deceleration  If  the  relative  Tlnd  is  poeltlve. 

a_  -  i \  Ji2 w  Y  *±\  (J.fcOl) 

dt  ^  dh  \  dt  /  a 

There: 

horizontal  acceleration 

vertical  Tlnd -velocity  gradient,  (+)  headwind,  (-)  tallvlnd 
accelerated  rate  of  cliab 

The  aui  of  the  aircraft  and  this  acceleration  force  la  converted  Into  a  rate 
of  ollfib  Increment  If  the  ollmb  path  a peed  la  o an* id ere d  conetant. 


Aeanmlng  mail  climb  angle  a,  the  wind  gradient  reemlta  In  a  changing  ollmb 
path  epeed  relative  to  the  earth.  Thle  rearnlta  In  a  kinetic  energy  Increment 
far  the  alroraffe  vfalah  wet  he  halanoed  hy  a  potential  energy  increment  If  the 
cllmh  path  a peed  relative  to  the  air  le  maintained  oanatmnt. 


(5A02) 


Bwn  the  anaooelerated  rate  of  ollmb  le. 


(5.^05) 


mtzb  62TJ 


5*11 


Values  of  the  connection  faotoar 
^  1  -  .000089  V  4Y»j 

•bare: 


d  V, 
db 


hnotc 
1000  ft 


•re  plotted  In  GEAKT  5*^1 
and  pres cure  Altitude* 


the  exrf  of  thic  chapter  for  r»lnec  of  Y0, 


d  Vw/dh, 
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SECTION  5.5 

lab  Path  Acceleration  Correction  to  Rata  of  Climb  feta 


An  aircraft  ollmblng  on  a  standard  da 7  at  a  fixed  calibrated  air  speed  mat 
accelerate  because  of  atmospheric  density  change  with  altitude.  Ibis  acceleration 
of  the  aircraft  aass  absorbs  sobs  of  the  thrust  available,  and  the  rate  of  cllnb 
during  these  conditions  Is  less  than  the  unacoelerated  rate  of  climb* 

The  force  absorbed  is, 

F ;  #  »  fi  ,  H  dV  /dh'V 

8  dt  g  dt  \dt/„ 


and,  from  equation  (5*101), 


H 

II 

II 

V 

8 

dV 

dh 

(8). 

Then, 

dh 

dt 

me 

•(8).+ 

V 

8 

dV 

dh 

(». 

ur 

4k 

dt 

•  (8).  ( 

f  1  + 

k 

V 

8 

41) 

dh/ 

(5.501) 

where: 


r#  *  the  faros  absorbed  is  ao as Is rating 

4k  s  tbs  unacoelerated  climb 
dv 

/4k\  *  the  aooelerated  ollmb 

l«v. 


•» 

(5.506) 


for  a  constant  true  ollmb  speed  tbs  above  factor  has  a  value  of  one.  For  a 
constant  Mach  mseber  ollmb  (deceleration)  tbs  factor  has  a  value  of  (l  -0.155  «  ) 
op  to  the  Isothermal  altitude  above  which  tbs  factor  Is  equal  to  one.  For  an 
aooeleratlng  ollmb  condition  the  factor  takes  tbs  form, 


V  s  tbs  true  ollmb  path  ve loo It 7 
*(8)  *  -  of  climb  absorbed  In  aoosleratlng 

In  terms  of  Mach  number  tbs  oorreotlon  factor  in  equation  5*501  beoc 

U  I  41  s  B  tt  +  HFBT  +  ! 

«  dh  2  «  V«»/ 
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1  4 


7  dV 
g  dh 


(1  4  .2M2)3-5  -  1 
(i  4  ^m2)2^ 


0.133  H2  +“( 


1  4  .2 

,1  4  .2 


2.5 


*dE  + 


(5.503) 


Equation  5.503  is  plotted  in  CHAHTS  5.51»  5*52,  5*53  an<i  5*5^  in  terns  of  7C, 
Pft,  M*  *t»  d7t/dh,  and  dYg/dh.  Chart  5.51  contains  the  first  two  right  hand  terns 
and  is  used  for  constant  7C  climbs.  Chart  5*52  contains  the  extreme  right  hand 
term  and  is  an  additive  factor  for  a  changing  Vc.  Chart  5*53  presents  the  first 
two  right  hand  terms  as  a  function  of  M.  Chart  5»5^  presents  the  function  in 
terms  of  Vt  and  dVt/dh. 

During  a  climb  to  altitude  (check  climb)  in  jet  type  aircraft,  the  indicated 
climb  speed  ie  decreased  with  increasing  altitude.  This  means  that  dVc/dh  in 
equation  5*503  is  negative  and,  if  large  enough,  my  balance  the  other  terms  In 
the  aquation.  In  reciprocating  engine  aircraft  the  indicated  speed  is  held  con¬ 
stant,  until  the  critical  altitude  for  the  engine  is  reached,  and  then  is  de¬ 
creased.  '.’harts  5*51  and  5.52  may  be  used  to  determine  the  bleed-off  rate  re¬ 
quired  for  a  constant  climb  true  speed  (zero  acceleration  factor).  During 
sawtooth  climbs  in  Jet  or  conventional  aircraft  the  calibrated  speel  ie  held 
constant  over  an  Increment  of  altitude.  In  these  cases  it  may  be  desirable  to 
determine  the  unaccelerated  rate  of  climb  that  would  be  obtained  under  the  same 
conditions  at  a  constant  true  climbing  speed  as  night  be  the  case  in  a  check 
climb.  This  may  be  accomplished  using  CRAET  5.51  or  5*53  for  the  climb  Ve 
and  ^  or  M,  (dVc/dh  *  0).  The  factor  is  used  as  in  equation  5*501. 

Since  equation  5*503  is  plotted  for  standard  day  conditions  it  should  be 
applied  to  the  tapeline  rate  of  climb  at  standard  day  true  speed.  This  tape- 
line  rate  of  climb  has  been  defined  as, 

i/c  *  %  41^ 


Tor  an  accelerating  climbing  aircraft  requiring  a  power  or  thrust  correction  for 
temperature  variation,  the  usual  power  correction  is  not  all  available  to  correct 
the  H/C  defined  above  since  changing  B/C  changes  the  acceleration  thrust  required 
ar.  shown  on  the  preceding  page. 


C 


ii/Ci 

TfilA 

g  dh/ 


where: 


(AB/C)ft 


rate  of  climb  increment 
to  the  accelerated  rate 


for  temperature-power  correction 


of  climb 


Similarly,  for  an  accelerating  cliablng  aircraft  requiring  an  induced  drag  weight 
correction  to  rate  of  climb  at  a  constant  air  speed  and  thrust  or  power,  an  in¬ 
creased  weight  (induced  drag)  not  only  absorbs  more  of  the  excess  thrust  and  re¬ 
duces  rata  of  climb,  but  it  &lto  results  in  lees  thrust  being  required  for  accel¬ 
eration  (reduced  dH/dt)  and  tome  increase  in  rate  of  olimb.  In  this  case  the  total 
effect  of  climb  acceleration  on  the  induced  drag  weight  correction  is. 
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<frH/C3)a  = 


(5.505) 


Ter  Jet  powered  aircraft,  the  best  rate  of  climb  la  at  approximately 
a  constant  true  speed*  For  reciprocating  engine  aircraft,  the  best  rate 
of  '•H"**  is  usually  found  in  an  accelerating  climb  condition. 

APPLICATIONS  OP  THE  ACCELERATION  FACTOR  TO  SAW-TOOTH  AND  CHECK  CLIMBS 

The  acceleration  factor  is  applied  to  a  saw-tooth  rate-of-climb  (Vc  *  const.) 
to  Simla te  check  climb  data  under  identical  conditions  of  standard  thrust,  alt¬ 
itude,  weight,  and  standard  speed.  During  check  climbs  at  best  climbing  speeds 
some  acceleration  (±)  nay  be  evident;  in  these  cases,  the  acceleration  factor  is 
applied  only  to  the  tbruet  and  induced  drag  corrections.  These  two  applications 
of  the  acceleration  factor  in  climbing  will  be  clarified  by  the  equation  below. 

Basically,  for  the  saw-tooth  climb, 

Hct  s  Bc^  x  if  (5.506) 


where 

He. 


*  teat  tapeline  rate-of-climb  at  standard  day  speed,  no 
acceleration  along  flight  path. 

- 


dt 


\l 


a  test  tapeline  rate-of-climb  at  standard  day 
speed,  with  acceleration  along  climb  path. 


Af  *  standard  atmosphere  climb  accelerations  factor  at  standard 
day  apeed  (1  +  J  JJ) 

During  a  saw-tooth  climb  at  constant  Yc,  the  aircraft  is  accelerating  and 
Rct  »  +  AHcu  +  Y  (fct*  +  ABcia)  +  ABc3»|  (5.507) 


where: 


Ho,  * 
AHeia 


tapeline  rate-of-climb  at  standard  day  speed  thrust,  and  weight, 
no  acceleration  along  flight  path. 


thrust  correction  to  rate-of-climb  during  flight  path 
acceleration  of  standard  day  speed. 


induced  drag  rate-of-climb  correction  for  weight 
variation  during  flight  path  acceleration  at 
standard  day  speed. 
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With  equation  5.50 6  and  these  definitions,  equation  5*507  can  be  put 

fora. 

Re,  *  Hct  4-AEc!  4-  ^  (^t  +  ABel>  +  ARc^ 


in  another 
(5.508) 


A  plot  of  Ecb  vs  Vt-  defines  check  climb,  rate-of-climb  values  for 
standard  conditions  except  that  the  speeds  for  maximum  rate-of-climb  may  result 
in  some  acceleration  with  increasing  altitude.  This  will  be  immediately  apparent 
from  the  plot  mentioned  above.  Prom  this  same  plot,  the  acceleration  factor  data 
(dV«.-/dh  and  V,,)  for  the  check  climb  condition  may  be  determined  in  the  neigh¬ 
borhood  of  maximum  rate-of-climb.  The  best  climb  points  may  then  be  readjusted 
to  more  exactly  simulate  actual  check  climb  data.  This  Is  done  by  equation  5.509. 


Bfc,  check  climb  -  Hc./Af  cllmb 


(5.509) 


Standardising  on  actual  check  climb  requires  a  slightly  different  uee  of 
the  acceleration  factor,  'because  any  acceleration  existing  is  common  to  both 
the  test  and  standard  day  climbs.  For  this  condition,  equations  5.50?  and  5*509 
are  combined, 

check  climb  Hcg  *  Hc^  4*  ARcla  *  ^  (^ta  +  ABcla>  +  AHc>  (5.510) 


Por  climbs  at  constant  Vc  the  acceleration  factor  Is  determined  from  charts 
5.51  or  5.53.  Por  plotted,  sero  acceleration,  saw-tooth  data,  and  for  check  climb 
data,  the  acceleration  factor  is  beat  determined  from  the  change  of  standard  true 
.peed  with  altitude  and  chart  5.5^.  Chart  5.52  is  intended  to  be  used  only  to  de¬ 
termine  the  necessary  decay  of  Vc  with  altitude  to  establish  a  sero  acceleration. 
It  should  be  noted  that  chart  5.51  is  plotted  for  standard  altitude  data.  This 
means  that  a  temperature  lapse  rate  of  -2°  C  per  thousand  feet  is  assunmd  below 
the  isothermal  altitude.  Generally,  under  test  conditions  up  to  altitudes  of 
30,000  ft.,  this  etaoiard  lapse  rate  is  realised  approximately.  The  effect  on 
if  of  temperature  lapse  rate  can  be  seen  on  chart  5.53*  Th®  engineer  should  check 
all  saw-tooth  data  for  temperature  inversions  which  greatly  alter  the  standard 
lapse  rate,  but  he  should  be  especially  alert  on  saw-tooth  data  obtained  above 
30,000  ft.  The  two  curves  on  chart  5.53  to  interpolate  for  test  temp¬ 

erature  lapse  rates  between  -2°  and  sero  to  be  applied  to  equations  5.506  and 
5,507  in  place  of  Xf  as  defined. 
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SECTION  5.6 

Temperature  Effects  on  Fuel  Consumption 
and  V-lrh*  During  Climb 

In  making  &  check  climb  from  take-off  to  celling  altitude,  It  ie  necessary 
to  give  consideration  to  fuel  consumption  variation  between  test  day  and  standard 
day.  This  temperature  variation  may  result  in  an  appreciable  and  increasing  diff¬ 
erence  in  test  and  standaid  day  grbsa  weights  as  the  climb  progresses  necess¬ 
itating  a  conversion  to  a  rate  of  climb  increment  by  the  methods  oreviou<>ly 
described.  If  the  tempers ture  difference  ie  not  more  than  10°  C,  this  fuel- 
weight  rate  of  climb  correction  is  negligible.  In  this  correction,  the 
assumption  is  made  that  tht  fuel  consumption  rate  is  constant  at  a  particular 
time  and  power  setting  irrespective  of  the  rate  of  climb  variation  resulting  frcm 
atmospheric  temperature  variation  from  standard.  Thi9  assumption  is  also  a  valid 
approximation  for  climbs  condicted  at  power  settings  varying  as  much  as  five  per¬ 
cent. 


One  method  of  determining  the  difference  in  fuel  weight  used  because  of  temp¬ 
erature  effects  is  by  plotting  and  correcting  for  temperature  the  fuel  rate  of  con¬ 
sumption. 


a. 

b. 

c. 


d. 


e. 

f. 


€• 

h. 


Plot  fuel  used  vs  time. 

Plot  fuel  rate  vs  altitude 
Correct  fuel  rate  ve  altitude  plot  to 
standard  day  fuel  rate  at  standard  day 
power  conditions  by  use  of  engine  manu¬ 
facturer's  performance  data. 

Integrate  power  corrected  rate  of  climb 
data  and  plot  tentative  standard  day 
time  ve  altitude. 

Plot  corrected  fuel  rate  vs  corrected 
time  to  climb  to  altitude. 

Integrate  plot  "e"  and  obtain  correctel 
fuel  used  vs  time. 

Determine  fuel  weight  increment  at  each 
altitude  from  plots  "a"  and  "f". 

Make  AR/C2  and  AR/Co  corrections 
for  weight  difference  to  (R/C  +AR/C^). 
This  is  the  final  corrected  rate  of 
climb. 


A.  -Fuel  Used  vs  Time 

(Test  Temp.) 

B.  -Altitude  vs  Time  to  Climb 

(Test  Temp.) 


Ert 

4 


TIME  (min) 


C. -Altitude  vs  Time  to  Climb  Figure  5.61 

(Standard  Temp.)  Method  of  Approximating  a  Rate  of  Climb 

Weight  Correction  for  Variation  in 
Fuel  Used  on  Test  and  Standard  Days 


This  same  correction  may  be  approximated  by  plotting  the  data  as  shown  in 
Figure  5.61  and  by  making  the  assumption  (based  on  actual  climb  data)  that  the 
fuel  used  vs  time  plot  for  the  test  temperature  and  power  is  very  nearly  iden¬ 
tical  to  that  for  the  standard  temperature  and  power. 


AFTR  6273 


5-17 


SBCTI01T  5.7 


Determination  of  Beat  Rate  of 
Climb  and  Bert  Climbing 

SAWTOOTH  METHOD 

One  method  of  obtaining  climb  data  Is  the  sawtooth  climb.  This  nan* 
is  derived  from  the  barograph  trace  resulting  from  a  series  of  short  time 
climbs  through  the  same  pressure  altitude.  These  climbs  are  made  at 
different  indicated  o limbing  speeds  from  a  point  a  little  below  the  test 
altitude  to  a  point  a  little  above  It.  B7  plotting  the  resulting  rates 
of  climb  for  the  various  altitudes  and  air  speeds,  as  shown  in  Figure  5*71, 
the  best  rate  of  climb  and  best  climbing  velocity  will  be  apparent  for  ail 
altitudes. 


Flight  Speeds  Flight  Speeds 

Figure  5.71 

Typical  Sawtooth  Climb  Plot 

Sawtooth  climbs  are  made  at  the  same  power  settings  and  aircraft  configura¬ 
tions  that  will  he  used  in  the  continuous  or  obeok  olimba.  The  sawtooth 
procedure  Is  to  climb  through  the  altitude  Increment  far  a  period  of  about 
one  minute  at  eaoh  of  the  various  speeds  or  Mach  numbers  selected  to  braokst 
the  best  rate  of  climb.  In  addition,  the  stalling  point  and  high  speed 
point  for  level  unaooelerated  flight  at  the  climb  altitude  are  plotted  to 
complete  the  curves .  Each  sawtooth  climb  point  is  corrected  to  the  gross 
weight  that  would  be  obtained  by  ollmblng  at  climb  power  setting  from  a 
standard  gross  weight  take-off  to  the  test  altitude.  Sawtooth  climbs  are 
corrected  for  temperature  and  weight  variations  by  the  methods  indicated 
prevlouely.  For  Jet  aircraft  the  lata  should  be  corrected  to  *ero  acceler¬ 
ation  to  simulate  check  climb  data. 
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ACCELERATION  METHOD  FOR  BATS  OF  CLIMB  AND  OPTIMJM  CLIMB  PATH  EVALUATION 


For  aircraft  having  vary  large  rates  of  climb  and  fuel  consumption  and  a 
limited  fuel  supply,  the  sawtooth  method  may  be  difficult  to  fly  accurately  and 
may  be  excessively  time  consuming  for  complete  results.  In  these  cases  tbe  level 
flight  acceleration  method  may  be  applied  to  the  determination  of  climb  data.  In 
addition,  vertical  wind  gradients  do  not  affect  B/C  data  from  level  accelerations. 


Consider  the  accelerating  aircraft  in  level  flight, 
aircraft  la, 


E 


V  h 


The  total  energy  of  the 


(5.701) 


E 

5 


v£ 

h  ♦  2g 


(5.702) 


where: 

E 

V 

h 


-  total  energy  (ft-lba)  V 
*  groee  weight  (lbs)  g 
■  tapeline  altitude  (ft) 


true  velocity  (ft/8ec) 
acceleration  of  gravity 
32.17b  (ft/seC2) 


Differentiating  equation  5.702,  (including  h  to  allow  for  altimeter  position  error) 


it 

v 


UI  +  an 

€ 


(5.70?) 


Dividing  by  dt. 

Oil  .  I  SI  4.  & 
dt  V  g  dt  dt 


(5.70b) 


The  force  available  to  accelerate  the  aircraft  is, 

(F,^  -  D)  ■  F,^  -  T ^  =  Fa  *  Excess  net  thrust 


Then, 


X  SI 
c 


..  *  ! 


From  equation  5*101, 


H/C 


dt 


Combining  equations  5.706,  5.70b,  and  5*705, 


B/C 


££  L  *  X  SI  4  Sb 

dt  V  g  dt  dt 


where: 


B/C  -  ft/aee 
dt  *  seconds 


(5.705) 

(5.706) 


(5.707) 
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By  plotting  the  variable,  V2  In  equation  5.702  against  time,  the  rate  of  change 
of  the  total  energy  nay  be  obtained.  From  equation  5,706  it  it  seen  that  the 
point  of  maximum  slope  of  thle  curve  le  at  the  value  of  v2  corresponding  to  V 
for  maximum  rate  of  climb,  f  has  been  assumed  constant.  In  knots,  equation  5*702 
becomes, 


2 

~  =  0.0443  Vt2  knots 


(5.708) 


From  a  plot  of  0,0443  V2  knots  vs  time  in  minutes  and  Yjc  and  vs  time  in  minutee, 
the  Indicated  speed  and  Mach  number  and  best  rate  of  climb  may  be  obtained  by  in¬ 
spection  as  shown  in  Figure  5*72.  This  acceleration  method  of  obtaining  climb  data 
is  more  difficult  to  apply  than  may  appear  from  the  analysis,  the  prinary  source  of 
error  being  the  lag  in  the  conventional  type  of  air-speed  indicating  system.  This 
nay  be  overcome  by  calibrating  the  system  for  lag,  by  using  a  no-lag  system  which 
has  its  instrument  very  near  the  air-speed  probe,  or  by  use  of  electronic  pressure 
measuring  devices  to  determine  indicated  air  speed.  Another  approach  is  to  deter¬ 
mine  the  time,  distance,  velocity  and  acceleration  by  radar  tracking. 

o 

A  plot  of  V  vs  time  as  in  Figure  5.?2  is  fairly  adequate  for  determination  of 
best  climb  speeds,  but  tests  have  shown  it  to  be  usually  unsatisfactory  for  deter¬ 
mining  accurate  R/C  values.  A  better  analysis  of  B/C  and  best  climb  speeds  can  be 
made  by  computation  of  dE/dt  from  level  acceleration  values  of  dV,  dt,  and  dh.  Be¬ 
cause  dV  g  dt  is  required,  the  accuracy  with  which  these  increments  are  determined 
sets  the  accuracy  and  data  scatter  of  the  results.  Minimus  increment  values  should 
be  ten  (10)  knots  dV  or  15  seconds  dt.  Equation  5*709  le  suitable  for  nachlne  com¬ 
putation  of  dE/dt.  Values  of  M  should  also  be  computed. 


19362 


2  2 

-  v> 


<«e2- 


(5.709) 


Two  level  accelerations  should  be  o&de  at  each  altitude  reciprocal  headings.  H/C 
is  determined  from  dX/dt  and  desired  weight;  A&/(~  andAR/C^  corrections  can  also 
be  applied.  The  dX/dt  plot  appears  as  in  Figure  5.73. 

Since  dX/dt  le  a  function  of  both  h  and  V2/2g  a  maximising  function  of  dK/dt 
involves  both  and  takes  the  form, 


~  a  max.  when 
dt 


<>  (dE/dt) 
a(V2/ 2g) 


(5.710) 


or  when, 


=  V  A(dE/dt) 
g  Ah 


(5.711) 


This  optimum  dE/dt  can  be  determined  graphically  and  shown  as  on  Figure  5*73*  This 
climb  schedule  will  than  involve  tooming  or  diving  to  obtain  a  given  speed  and  alt¬ 
itude  in  minimum  time  as  shown  in  Figure  5.74. 

BATE  OF  CRAMGS  OF  T0TA1  PRESSURE  FOR  DBFINING  d(E/W)/dt.  Total  pressure  rate  of  change 
will  approximately  define  d(E/V)/dt,  and  can  be  demonstrated  by  use  of  equations  2.21, 
4.9,  4J0j  and  the  equation  of  state.  The  resulting  equation  is  applicable  to  a 
differential  pressure  gage. 

^  -  £  «  ♦  .rfl  (5.712) 

r^)  s  conet.  dt  dt  2  dt 

Ta  is  the  instrument  temperature  and  le  essentially  constant  for  a  given  altitude. 
Use  of  rate  of  climb  instrument  for  thiB  purpose  has  been  suggested  by  Lt.  Col.  J.L. 
Ridley,  USAF.  The  lag  constant  used  must  provide  measurable  differential  pressures 
and  not  result  in  excessive  lag  in  dPt  indications. 
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Figure  5.73 


Figure  5.7^ 


Bate  of  Change  of  Total 
Energy  Plot 


Hlnimua-Tiae  Climt 
Schedule  Plot 
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SECTION  ?.8 


Dimen clonic as  Bata  of  Climb  Plotting 


In  equation*  5-115*  5-116  and  5-117  it  may  be  seen  that  the  paraaeters 
\dt/  and  M 

Vt  ' 


are  dimensionless  In  terms  of  the  physical  system  of  dimensions.  Hie  regain- 
lug  paraaeters* 


THP 


—  *  *nS 


V 

P  ' 


nay  he  made  dimenelonleee  by  the  insertion  in  each  of  a  characteristic  length 
raised  to  some  power.  As  this  characteristic  length  for  a  particular  air¬ 
craft  remains  constant*  these  latter  parameters  may  be  considered  functionally 
dimenelonleee-  All  the  above  parameters  will  result  fran  a  dimensional  analysis 
of  tbs  variables  effecting  rate  of  oliab. 


For  propeller  driven  aircraft,  BHP  from  torque  meter  read  Inge  may  be  sub¬ 
stituted  for  ISP  in  equation  5-115-  Then  the  parameters  for  dimensionless 
plotting  are* 


For  turbojet  powered  aircraft  equation  5-116  la  applicable  and  the  parawters 
are* 


Generally  In  this  type 


of  a  plot  the  terms  4^ 


In  place  of 


and  6^  replace  T# 


and  Pa 


where: 

®a 

* 


?a  Hg 

29.92 
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As  there  are  four  variables  involved,  it  Is  neoessary  to  hold  one  of  then  constant 
during  a  particular  climb.  It  oan  he  seen  that  Mach  number  Is  the  only  term  that 
could  reasonably  he  held  constant  during  a  climb.  By  mating  check  climbs  at 
constant  Maoh  mother  and  tvo  or  three  different  constant  rpms  it  Is  possible  to 
plot  climb  data  vlthout  making  velght  or  power  corrections  and  to  use  the  plotted 
data  to  determine  standard  day  standard  velght  rate  of  ollmb  even  In  the  region 
vhere  ooopreselhlllty  effeota  are  large.  Figure  5.81  illustrates  a  dimensionless 
rate  of  ollmb  plot  for  a  constant  Mach  number,  data  being  obtained  at  three 
different  power  settings. 


Figure  5e8l 

Typical  Dimensionless  Climb  Bata  at  Constant 
Maoh  Washer  and  Various  W/ga  Parameters 

The  methods  used  far  Figure  5»8l  can  also  be  used  far  standardising  rate  of 
ollmb  data.  For  fighter  type  turbojet  aircraft  the  best  rats  of  ollmb  vlll  be  at 
speeds  that  maintain  approximately  a  o one taut  Maoh  number  for  oertaln  altitude 
ranges.  Two  climbing  Maoh  numbers  determined  by  sawtooth  o limbs  may  be  enough  to 
approximate  all  tbs  ollmblng  speeds  and  allow  sc am  Interpolation.  8ucta  a  plot 
would  appear  as  In  Figure  5*82  and  may  be  used  to  correot  ollmb  data  for  all  air¬ 
craft  of  the  earns  model  with  hams  type  of  engine. 

Figure  a  5.8l  and  5*82  are  eaelly  plotted  for  constant  values,  of  v/^  at  the 
different  oonstant  rjms  by  first  plotting  H/V6*  ts  V/<$a  and  (b/c)//5^  as  shown  In 
Figure  5.85. 
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Figure  5*82 

Typical  daenalonleas  Cllafc  Data  Plot 
for  1*0  Maoh  lumber* 


or 


M _ 1.111  -  J _ It 1 - 1 - 1 

(R/O/VS;  — —  -  W/*a 


Figure  5.83 

Method  of  Correcting  Cllab  Data  to  Constant  V/6m 


5 -2k 
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If  the  level  flight  data  are  lnoluded,  two  oanstant  rpa  cllnbe  will  provide 
enough  point*  to  determine  the  »/  -{r/cJ/V^  curve  for  oonatant  w/<Ja. 

In  the  speed  range  for  beet  olimb  the  change  In  ijl*  with  l/V8u  la  approxi¬ 
mately  linear.  This  fact  may  ha  utilised  to  determine  rate  of  climb  data  far  any 
condition  from  a  few  oonatant  Mach  number  olimb*.  Thi*  1*  especially  useful  for 
very  large  aircraft  having  large  weight  variations  which  affect  the  beat  climb 
speed.  Figure  5-84  Illustrates  a  dimensionless  rate  of  olimb  plot  that  would  be 
derived  from  three  constant  Mach  number  ollabs  and  level  fllgtt  data.  A  linear 
Fn/5a  increase  with  If/  V§^  is  assumed  far  each  of  the  constant  V/<5^  parameters. 
These  climbs  would  be  made  In  a  light  weight  condition  so  as  to  obtain 
altitudes  and  Jl/VS^  values. 


Figure  5.f& 

Typical  Dimensionless  Bate  of  Climb  Plot  Sheering  Best 
Climb  Maoh  lumber  far  all  Taluas  of  v/da  and  */  >/8T 
or  Fn/8a 
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S»  oethod  of  JlaoMloolooo  plotting  4*,or^  *^TV|*J  iL!Sthi*i2 

as-s*  »•  ssrirsas^s  ^i^ts.t?S5  s 

STSISi  .mi  SmK  «-m-  "«-*  of 

iking  poeer  corrections  In  this  type  of  installation. 

These  same  types  of  non-dimensional  rftte-of-climh  presentations  nay  he 
obtained  from  level  acceleration  data  made  at  constant  V/8a  values. 
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Qeneral  Cl  lab  Test  Information 

The  absolute  celling  for  an  aircraft  le  defined  ae  the  altitude  where  the 
rate  of  climb  le  tero.  The  eerrloe  celling  le  defined  ae  the  altitude  at  vhloh 
the  rate  of  climb  le  100  feet  per  minute. 

For  propeller  driven  aircraft  It  vlll  be  necessary  to  make  rate  of  ollmib 
correct lone  for  variation  in  cooler  flap  position.  This  le  accomplished  by 
making  several  eh art  climbs  at  a  oonetant  Indicated  epeed  and  various  cooler 
flap  position*.  Both  the  rate  -of  -o  limb  Increment  and  the  engine  temperature 
Increment  ehould  be  plotted  ve  flap  position. 

In  the  aircraft  performance  report  It  Is  desirable  to  shoe  rate  of  ollnib 
and  time  to  climb  far  tvo  power  settings.  This  is  required  for  tactical  use 
when  a  large  number  of  aircraft  are  to  take  off  during  a  period  of  time  and 
meet  In  formation  at  a  apeolfled  altitude.  To  aeocoplleh  this  the  first  alr- 
oraft  to  take  off  must  climb  slower  than  those  talcing  off  at  a  later  time. 

It  is  usually  required  in  performance  reports  that  some  data  relative  to 
rate  of  climb  on  a  reduced  number  of  engines  be  included.  Thle  Is  usually  done 
by  making  a  short  ollnib  of  about  10,000  feet  at  a  mean  altitude  between  sea 
level  and  eerrloe  celling.  The  top  of  this  reduced  -number -of  engines  climb 
should  be  aloes  to  the  apparent  service  celling  far  that  o and 1*1  on ; 

In  heavy  aircraft,  bombers  and  transports,  two  ollmbs  at  normal  rated 
power  or  martw  Jet  engine  rpm  should  he  conducted  far  the  extreme  gross 
weight  conditions,  light  and  heavy,  when  data  are  plotted  In  the  conventional 
manner.  In  this  way  tbs  rats  of  ollmib  variation  with  weight  can  he  seen 
graphically  and  a  linear  extrapolation  used  to  make  weight  corrections  or  to 
oompars  the  analytical  weight  corrections.  Typical  ollmb  performance  presenta¬ 
tions  are  shown  in  figure  5.91  for  propeller  driven  aircraft  and  in  Figure  5.9® 
far  Jet  powered  aircraft. 
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Figaro  5.91 

Standard  Cliab  Data  Preeefitatiaa, 
Reciprocating  toginc  Aircraft 


TIME  TO  R/C  Vt  TAIL  PIPE  FUEL  CROSS 

CLIMB  (adn)  TEMP.  USED  WEIGHT 


Figure  5.92 

Standard  CIlab  Data  Presentation,  Jet.  Ibglne  Aircraft 


DATA  REACTION  OmilB  (5.91) 


For  Reoiprocatlng  Engine  Aircraft 
Savtooth  and  Chock  Climbs 


( 1) 

(  2) 

Tost  Point  Number 
H1 

ft 

Pressure  altitude 

(  3) 

A  Hlc 

ft 

Altimeter  Instrument  correction 

(  4) 

*HpC 

Hc 

ft 

Altimeter  position  error  correction 

(  5) 

ft 

True  pressure  altitude,  (2)  +  (3)+(4) 

(  6) 

knots 

Indicated  air  speed 

(  7) 

A  vlc 

knots 

Air-speed  Instrument  correction 

(  8) 

AVpo 

v0  * 

knots 

Air-speed  position  error  correction 

(  9) 

knots 

Calibrated  air  speed,  (6)  +  (7)  +  (8) 

(10) 

▼t. 

knot  a 

Standard  daj  true  speed,  from  CHART  8.5 

(11) 

M 

and  (9)  and  (5) 

Mach  number,  from  CHART  8.5  and  (9)  and  (5) 

(12) 

*1 

•C 

Indicated  air  temperature 

(13) 

A  tic 

•C 

Temperature  Instrument  correction 

(14) 

tlc 

•C 

Instrument  corrected  Indicated  air 

(15) 

Tat 

•K 

temperature,  (12)  +  (13) 

Absolute  test  air  temperature  from  CHART 

(16) 

V*,t/TSL 

8.2  (14)  and  (ll) 

V(15)  /  288 

(17) 

From  standard  altitude  tables  and  (5) 

(18) 

’’Bg 

Atmospheric  pressure,  from  standard  alti¬ 

(19) 

VT#t/TM 

Fuel  remaining. 

tude  tables  and  (5) 

(16)  4-  (17) 

(20) 

gals 

(21) 

Fuel  at  taka  off. 

gals 

(22) 

Fuel  used. 

gals 

(21)  -  (20) 

(2?) 

tvf 

lbs 

Fuel  eelght  used  In  climbing, -(22)  r  lbs/gal 

(24) 

wt 

lbs 

Test  weight,  take-off  gross  weight  -  (23) 

(23) 

V. 

lbs 

Standard  weight  at  altitude,  from  cheok 

(26) 

A  V 

lbs 

ollmb  or  weight  q t  Initial  sawtooth  point 
Climb  weight  correction,  (25)  -  (24) 

(27) 

A  ¥  per  engine 

lbs 

(26)  number  of  engines 

(28) 

Vt  per  engine 

lbs 

(24)  4  number  of  engines 

(29) 

t« 

Dsolmal 

Hla peed  time  to  ollmb  to  altitude 

(30) 

t. 

Minutes 

Dsolmal 

Time  at  start  of  ollmb 

(31) 

At 

Minutes 

Dsolmal 

Time  to  ollmb  to  test  altitude,  (29)  -  (30) 

(32) 

Plot  (5)  (3D 

Minutes 

Tims  to  ollmb  ctcrre 

(33) 

(dH0/dt) 

ft/aln 

Altimeter  rate  of  climb  from  slopes  of  (32) 

(3*0  (dh/dt) 


(35) 

(36) 

(37) 


(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 


(51) 

(52) 


ft/mln  Tape  line  rate  of  climb  at  standard  day 

true  speed,  test  weight,  and  teet  paver, 

(33)  x  (19) 

Wind  Gradient  Faotor  CHART  5.4l,  (when  required) 

dh/dt  Correoted  for  Wind  Gradient  (34)  z  (35)  when  required 
Acceleration  Faetor  CHART  5*51  and  (5)  and  (9)  for  sawtooth 

climb  at  constant  V-.  CHARTS  5.51  and 
5.52  and  (5)  and  (9)  for  oheck  olimb  not 


flovn  at  constant  Y, 


(54) 

(55) 

(56) 

(57) 

(58) 

(59) 


throttle  setting 
Mixture  setting 
Tachometer  Reading 
Tachometer  Instrument  Correction 


c* 


Engine  rpm 
MPi 
AMP 

Sk 


lo 


"Eg 

"Hg 

"Hg 


correction 
+  (44) 


BHPv  per  engine 
(HPt/Pa) 

Manifold  pressure  ratio  factor 
AR/Cx 

BHP,,  par  engine 


(AR/Cx)t 


ft/mln 


(R/C)a +(AR/Cx)a  ft/mln 


(53)  MPj 

MP* 


MP, 

AR/C2 

AB/C, 

AW 

( A  R/Cj)( 


"Hg 

ft/mln 


ft/mln 


(40)  +  (41) 

Indicated  manifold  pressure 
Manifold  pressure  Instrument 
Test  manifold  pressure,  (43) 

Test  BHP,  from  power  charts  or  torque 
meters 

(46)  number  of  engines 

Manifold  pressure  -  ambient  p  ires  sure 
ratio,  (45)  ♦  (18) 

Prom  CHART  5.21  and  (19)  and  (48) 

Rate  of  climb  correction  for  power  at 
unaccelerated  climb  conditions,  from 
CHART  5.21  and  (19)  and  (48)  and  (28) 

Rate  of  climb  correction  for  power, 
aooelerated  olimb  conditions,  (50)  z 

(47)  ♦  (37) 

Standard  day  rate  of  climb  at  standard 
power  and  test  weight  for  the  acceler¬ 
ating  alroraft,  (34)  or  (36)  +  (51) 

{{(49)  -  one]  z  (19)}  +  two 

Standard  day  manifold  pressure,  (53)  x  (45 ) 

Rate  of  olimb  weight  correction,  acceler¬ 
ated  conditions,  ("26)  x  (52)  (24) 

Rate  of  olimb  induced  drag  correction,  un- 
aocelerated  conditions,  from  CHART  5*31 
and  (5)  and  (ll)  and  wing  span 
Rate  of  climb  Induced  drag  oorreotion  for 
aooelerated  climb  conditions,  (56)  z  (26) 

«■  (37) 

(52)  +  (55)  +  (57) 


Standard  weight  correoted 
rate  of  olimb,  aooelerated 
conditions 

Plot  (58)  Ys  (5)  and  graphically  Integrate  to  get  time  to  olimb  va  (5) 

HOTS:  For  turbo  superchargers  the  oarreotlons  described  in  Chapter  Two 
should  be  applied,  and  equation  5.208  used  to  find  AR/Cj. 


APIS  6273 


5-30 


DATA  RKDUCTZOH  OOTUHS  (5*92) 


For  Jet  Airoraft  Savtooth  and  Cheek  Climb# 


{ 1) 

(  2) 

Test  Point  Number 
si 

ft 

Pressure  altitude 

(  5) 

AHl0 

ft 

Altimeter  instrument  correction 

( 4) 

ft 

Altimeter  position  error  oorrectlon 

(  5) 

H0 

ft 

True  pressure  altitude,  (2)  4*  (3)  +  (4) 

(  6) 

▼J 

knots 

Ind looted  air  speed 

(  7) 

AVlfl 

knots 

Air-speed  Instrument  oorreotlon 

(  8) 

fV 

f  c 

knots 

Air-speed  position  oorreotlon 

(  9) 

knots 

Calibrated  air  speed,  (6)  4+(7)  4*  (8) 

(10) 

M 

Mach  number,  from  CHART  8.5  pnd  (9) 

(11) 

Yta 

knots 

and  (5)  * 

Standard  day  true  speed,  from  CHART  8.5 

(12) 

ti 

•c 

and  (9)  and  (5) 

Indicated  air  temperature 

(15) 

•c 

Temperature  Instrument  oorreotlon 

(14) 

tie 

•c 

Instrument  correotod  Indicated  air 

(15) 

Tat 

•e 

temperature 

Absolute  test  air  temperature  from  CHART 

(16) 

Wt- 

8.2  and  (14)  and  (10) 

YTI557285 

(17) 

From  standard  altitude  tables  and  (5) 

(18) 

V  ^Wt/Ttt0 

(16)  ♦  (17) 

(19) 

Fuel  Remaining 

flals 

(20) 

Fuel  at  taka  off 

gals 

(21) 

Fuel  used 

gals 

(20)  -  (19) 

(22) 

Avf 

lbs 

Fusl  weight  used  for  ollmblngt(21)  x  lbs/gal 

(25) 

wt 

lbs 

Test  vslght,  taka -off  gross  weight  -  (22) 

(24) 

*s 

lbs 

Standard  weight  at  altitude  .from  oheck  climb 

(25) 

AW 

lbs 

or  weight  at  initial  savtooth  point 

Climb  weight  correction,  (24)  -  (23) 

(26) 

AV  per  engine 

lbs 

(25)  ♦  number  of  engines 

(27) 

Vt’  'per  engine 

lbs 

(23)  ♦  number  of  engines 

(28) 

te 

Decimal 

Elapsed  time  to  olimib  altitude 

(29) 

tB 

Minutes 

Deolmal 

Time  at  stkrt  of  ollmb 

(50) 

At 

Minutes 

Deolmal 

Time  to  ollmb  to  test  altitude,  (29)  -  (28) 

(31) 

Plot  (5)  (30) 

Minutes 

Time  to  ollmb  curve 

(52) 

dHo/dt 

dh/dt 

ft/mln 

Altimeter  rate  of  ollmb,  from  slopes  of  (31) 

(33) 

ft/mln 

Thpellne  rate  of  ollmb  at  standard  day  true 

speed,  teet  weight  and  test  thrust,  (32)  x 
(18) 

CHART  5»4l,  (when  required) 

(34) 

Wind  Gradient  Factor 
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(33)  x  (34),  when  required 


(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 


dh/dt 

Corrected  for  Wind  Gradient 
Acceleration  Factor 


Ni 

AN 


io 
wt 

AR/Cj 

AFn/«£a 

(AR/Cx)a 


ft /min 


(R/C)ft+  (AR/C^ft/mln 


ar/c2 

ar/c3 

AW 

(AR/C3)a 


ft/min 


ft/aln 


CHART  5-51  and  (5)  and  (9)  for  climb  at 

conatant  Vc.  CHARTS  5*51  and  5.52  and  (5) 

and  (9)  for  climb  not  flown  at  constant  V0 

Indicated  rpm 

Rpm  Instrument  correction 

Teat  rpm,  (37)  +  (38),  average  of  all 

engines 

Teat  rpm  parameter,  (39)  (l6) 

Standard  rpm  parameter,  (39)  +■  (17) 

Net  thruat  correction  from  (40)  and  (4l) 
and  (10)  and  a  graph  similar  to  Figure  5.21 
Rate  of  climb  thruat  correction,  unacceler¬ 
ated  conditions,  from  CHART  5*22  and  (5) 
and  (10)  and  (2?) 

Rate  of  climb  thruat  correction  for  accele¬ 
rated  climb  apeed,  (43)  x  (42)  ■+  (36).  If 
no  acceleration,  (44)  ■»  AR/Cj 
Standard  day  rate  of  climb  at  atandard 
power  and  teat  weight  for  the  accelerating 
aircraft,  (33)  or  (35)  +  (44) 

Rate  of  climb  weight  correction,  accelerated 
conditlone,  (-25)  x  (45)  (23) 

Rate  of  climb  Induced  drag  correction,  un¬ 
accelerated  climb  speed,  from  CHART  5*31  and 
(5)  and  (10)  and  wing  span 
Rat#  of  climb  Induced  drag  oorreotlon  for 
accelerated  climb  speed,  (47)  x  (25)  •+■  (36). 
If  no  acceleration,  (*»7)  “  AR/C* 

(45)  +  (46)  +  (48) 


Standard  weight  corrected 
rate  of  ollmb,  accelerated 
conditions 

Plot  (49)  va  (5)  and  graphically  Integrate  to  get  time  to  climb  Va  (5) 


HOIS:  If  unacoelerated  climb  data  la  desired,  correct  (33)  or  (35)  to 
unaooelerated  condition#  and  make  other  corrections  assuming  no 
aooeleratlon. 
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SECTION  5.10 


Rata  of  Descent  Data 

Desoent  data  ar«  usually  presented  in  the  performance  report  only  for  Jet 
powered  aircraft.  This  ie  becauee  the  range  of  Jet  aircraft  increases  consider* 
ably  more  with  altitude  than  does  the  range  cf  reciprocating  engine  aircraft. 

Best  range  in  Jet  aircraft  is  obtained  by  flying  at  a  very  high  altitude  until 
a  minimum  amount  of  fuel  remains.  This  ia  followed  by  a  high  opeed  deacout  at 
minimum  engine  fuel  preeeure  and  reeulting  lew  fuel  flow  rata. 

It  la  also  important  for  tactical  considerations  to  evaluate  control  for sea, 
buffeting  and  other  undesirable  dive  characteristics.  The  effects  of  dive 
brakes,  tip  tanks  and  external  armament  on  high  speed  descents  ie  extremely 
important  in  fighter  and  ground  support  aircraft. 


Rate  of  descent  data  reduction  is  identical  to  rate  of  climb  data  reduction, 
except  that  no  thrust  correction  is  made  for  temperature  variation  from  standard. 
Hils  is  because  the  descents  are  made  at  constant  fuel  pressure  and  the  effects 
of  temperature  on  thrust  are  very  small  relative  to  the  high  rates  of  descent. 

The  tape line  rate  of  descant  at  standard  day  trus  apeed  is  defined  by, 


(5.10. ci) 


The  weight  correct ions  are, 


AR/Dg 

r/d 

AW 

ar/d, 

.  50.65  Vt£7 

AW 

Pa  M  b*  e 

where: 

(5.10.0?) 

(5.10.05) 


AW  „V. 


Equation  5.10.05  is  solved  by  CHART  5.31>  but  the  sign  of  the  parameter 
(  AR/c)*/aW  must  be  ohanged  when  the  ohart  is  applied  to  determine  (iH/D),/  AW. 
Since  tne  aircraft  accelerates  during  the  desoent  at  constant  Mach  number,  5 
(AR/d)t  from  the  ohart  should  be  oorreoted  to  the  aooelerated  condition,  'ibis 
maybe  done  by  (5.10.04).  Fuel  consuaptLon  weight  corrections  are  not  required. 

(AR/D3)a  •  Us/ty  chart  (5.10.04) 

(1  +0.133  l£) 


In  the  aircraft  performance  report, rate  of  descent  data  ie  presented  as  In 
Figure  5*10.1  to  show  rate  of  descent,  time  to  desoend,  Mach  number,  time  speed, 
distance  traveled,  fuel  preeeure,  and  fuel  used . 
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Denotes  Different  Configuration 


adOlIlTf  3HQSS3Hd 
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Figure  5.10.1  Report  Presentation  of  Descent  Data 
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CHAPTER  SIX 


TAKE-OFF  AND  LANDING  PERFORMANCE 
SECTION  6.1 

Techniques  and  Configurations  fur  Tako-Off 
Tests  -  JATQ  Operation 

Take-off  tests  consist  of  a  series  of  take-offs  to  determine  the  ground 
distance  from  the  start  of  the  run  to  the  point  where  the  aircraft  leaves  the 
ground,  and  the  air  distance  from  this  point  to  the  place  where  the  aircraft 
SC  feet  above  the  runway.  During  the  tests,  the  airplane  should  be  operated  in 
a  manner  considered  to  give  the  best  take-off  performance  within  the  operations • 
limits  of  the  airplane  and  engine.  Unless  otherwise  specified,  the  gross  i.cii-u 
for  take-off  tests  includes  the  maximum  load  likely  to  be  used  in  service.  All 
tests  are  run  as  close  as  possible  to  the  desired  gross  weight  to  keep  all  we i gin 
corrections  to  a  minimum.  As  local  wind  conditions  affect  the  take-off  distance 
and  techniques  used,  tests  should  not  be  conducted  when  the  wind  velocities 
exceed  10\  of  the  take-off  speed  of  the  aircraft. 

For  airplanes  with  wing  flaps  that  are  used  for  take-off,  several  flap 
positions  are  used  to  determine  the  optimum  flap  position.  Cowl  flap?  are  open 
for  take-off,  the  airplane  is  held  with  brakes  and  maximum  allowable  power  is 
attained  prior  to  brake  release.  Maximum  power  is  obtained  as  soon  as  practi¬ 
cable  during  the  take-off  run.  As  an  example,  the  F-Sl  aircraft  is  limited  to 
40  inches  manifold  pressure  without  anchoring  the  tail,  but  61  inches  is  used 
for  take-off  power.  Therefore,  the  maximum  allowable  power  prior  to  brake 
release  is  40  inches  and  the  maximum  power  is  61  inches. 

When  jet  assist  take-offs  are  made  and  it  is  desired  to  obtain  the  most 
advantage  from  a  short  duration  rocket,  the  rocket  should  be  ignited  at  such  a 
point  during  the  take-off  run  that  it  will  be  expended  as  the  airplane  passes 
over  the  50  foot  obstacle.  This  point  of  ignition  is  normally  obtained  by 
estimating  the  number  of  seconds  after  brake  release  that  the  rocket  should  be 
ignited,  and  then  bracketing  this  point  by  making  one  or  two  take-offs.  In 
most  cases  this  information  should  be  given  to  the  pilot  in  the  form  of  a  number 
of  seconds  after  brake  release;  however,  it  may  sometimes  be  advantageous  to 
ignite  the  rockets  at  an  indicated  air  speed.  For  long  burning  rockets,  the 
shortest  take-off  will  be  made  by  igniting  the  rockets  at  brake  release. 
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SECTION  6.2 

Distance  and  Height  Measurements  rod  Saul scant 

Measurements  should  he  taken  to  determine  the  distance  from  the  take-off 
starting  point  to  the  place  where  the  aircraft  leaves  the  ground  and  to  the 
point  vhere  the  airplane  reaches  the  altitude  of  5C  Those  measurements 

may  be  made  in  various  ways.  A  few  of  the  methods  general  use  follow: 

When  camera  equipment  la  not  available  either  of  the  following  systems 
may  be  used.  The  first  consists  of  several  theodolites  (sighting  bare)  spaced 
along  the  runway  so  as  to  cover  the  distance  from  take-off  point  to  the  simu¬ 
lated  50  foot  obstacle.  The  distance  and  time  from  take-off  point  to  each 
sighting  station  will  give  an  approximation  of  the  aircraft  speed  and  take-off 
distance.  This  method  Is  shown  schematically  In  Figure  6.21. 


£ 


Estimated  Take-Off  Point 


Known 

Distance 


A 


Known  Distance  Fro: 
Start  of  Take-Off 


-o- 


of  Slfthtlrjg  St^tlop 
Theodolites 


Figure  6.21 

Baslo  Method  for  Obtaining  Take-Off 
and  landing  Time  and  Distance  Data 

It  is  good  practloe  to  station  tvo  or  three  observers  at  the  edge  of  the  runway 
in  the  vicinity  of  the  take-off  point  to  mark  the  exact  point  of  take-off.  The 
data  obtained  by  suoh  observers  are  always  a  good  oheok  on  ground  roll  distance 
regardless  of  the  method  vised  for  obtaining  data.  Using  this  method  the  height 
of  the  aircraft  above  the  runway  may  be  obtained  by  a  formula  determined  from 
Figure  6.22. 
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H  - 


tt 

d 


+  AH 


(6.201) 


where : 

H  ■  height  of  aircraft  above  the  theodolite,  ft. 

D  »  distance  from  runway  centerline  to  theodolite  eye 
piece,  ft. 

h  -  height  read  on  theodolite  ae  aircraft  passes,  ft. 
d  ■  length  of  theodolite,  ft. 

AH  -  height  of  theodolite  above  runway,  ft. 


Figure  6.22 
Theodolite  Geometry 

A  more  accurate  field  method  of  obtaining  take-off  data  oonalate  of  a 
theodolite  pivoted  go  it  may  track  the  aircraft  during  the  take-off  run,  Figure 
6.2?.  The  theodolite  la  oonetructed  in  auoh  a  way  that,  by  keeping  oroae-haire 
on  the  aircraft,  a  penoll  trace  of  the  alroraft  poeltlon  is  placed  on  a  chart 
fastened  rigidly  to  the  theodolite  supports.  The  swiveling  theodolite  is  set 
up  at  a  known  distance  from  the  runway  and  so  aligned  ae  to  encompass  only  ae 
auoh  of  the  runway  ae  vlll  be  naoeseary  for  the  tests  of  the  particular  alroraft 
under  consideration.  This  le  done  to  obtain  the  greatest  aoournoy  from  the 
Instrument. 

Various  standard  dlrtanoes  from  the  rummy  may  be  arbitrarily  determined 
and  charts  prepared  in  advance  for  use  on  this  theodolite.  A  timing  me chan lam 
built  into  the  sighting  bar  marks  every  second  on  the  chart .  around  observers 
are  used  to  mark  the  exact  point  of  take  off,  and  this  information  may  be  piaoed 
on  the  obart  at  the  end  of  eaob  test.  A  typical  chart  and  take-off  graph  le 
Illustrated  in  Figure  6.24. 
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Observers 


9 


Figure  6.25 

Taka  -off  Bata  Installation  far  Strive  ling 
Camera  ar  Be  cord  lug  theodolite 


Figure  6.24 

Recording  Theodolite  Chart 

The  most  aoeurate  means  of  recording  take-off  data  is  vitb  a  moving  picture 
camera  vhloh  *111  photograph  the  alroraft  under  test,  a  timing  devioe,  and  either 
a  grid  or  azimuth  soale.  A  portable  ].6  mm.  camera  hae  been  devised  ehiob  photo¬ 
graphs  the  runway,  a  stop  eatoh  and  the  poelticn  of  the  airplane  with  respect  to 
an  azimuth  soale.  Snoring  the  azimuth  and  the  distance  of  the  camera  from  the 
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runway  along  a  normal  to  the  runway,  the  position  of  the  aircraft  may  be  de  ■ 
termined  at  any  time  during  the  test.  A  typloal  frame  from  a  test  camera  would 
appear  as  In  Figure  6.2?. 


Height  Above 
Runway  May  Be 
Scaled  or 
Calculated 


Figure  6.25 

Typical  Frame  from  Tftke-off  Camera  Film 

A  fixed  grid  may  also  be  used  to  photographically  record  the  tests.  In 
this  method  a  grid  consisting  of  a  network  of  oallbrated  wires  Is  placed  In  front 
of  a  normal  camera  In  the  manner  shown  In  Figure  6.2?  and  at  such  a  distance  that 
It  will  remain  in  focus  along  with  the  airplane  being  tested.  A  timing  device 
may  be  mounted  on  either  the  grid  or  camera  to  give  a  time  history  of  tbs  take 
off  or  landing.  A  typical  frame  taken  through  thle  type  of  grid  Is  shown  in 
Figure  6.26. 


Figure  6.26 

Typloal  Frame  from  Cameru  '<bid  Film 
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SECTION  6.3 


Take-Off  lata  Corrections  for  Vlad. Welafatf and  Penalty 

Frcm  information  obtained  by  any  of  the  above  methods  In  the  previous 
section,  the  observed  data  nay  be  plotted  aa  In  Figure  6.31.  Bile  figure  le 
usually  Included  in  the  final  report  as  is  the  corrected  take-off  data. 
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Figure  6.31 

Presentation  of  Actual  Take-off  Tins 
and  Distance  Data 

The  indicated  air  speed  at  tak»-off  and  50  feet  as  well  as  the  true  air  epeed 
should  he  shown,  as  the  pilot  is  primarily  concerned  with  the  air  speed  that  is 
read  on  the  instrument  panel,  and  this  value  is  independent  of  pressure  and 
temperature . 

All  take-off  performance  data  are  corrected  to  eea  level  standard  con¬ 
ditions  zero  wind  unless  otherwise  specified.  The  average  of  the  best  two 
of  at  least  four  take«offa  le  reported  as  performance  data.  Corrected  data  ore 
usually  presented  in  the  following  chart  fan: 
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A  ‘  CONFIGURATION  *  WEIGHT  -  POWER  SETTING 


(1) 

around  Roll 

(ft) 

(2) 

Total  Distance 
over  50'  height 

(3) 

Indicated  Speed 

At  At 

Take-Off  30’Beight 

(M 

True  Speed 

At  At 

Take-Off  50 »  Height 

B  -  COBFIOTRATIOT  -  WEICET-  POWER  SETTING 

' 

C  -  CONFIGURATION  -  WEIGHT  -  POWER  SETTING 

TAKS-CIT  DATA  CORRECTION 


The  take-off  perforaanoe  of  an y  aircraft  la  highly  dependent  on  pilot 
technique .  Iren  with  experienced  well -qualified  pilot e  It  la  difficult  to  nake 
the  aircraft  take  off  at  the  same  value  of  lift  ocefflolent  each  time.  As  thle 
la  the  rule  rather  than  the  exception,  a  rlgoroua  mathematical  treatment  of 
reducing  obeerved  take-off  data  to  standard  condition*  is  not  warranted;  there¬ 
fore,  no  mathematically  exact  solutions  will  he  given  for  reducing  data. 


lS>e  correction  of  ground  roll  for  the  effect  of  wind  may  be  empirically 
expressed  as. 


where : 


(6.301) 


•  observed  ground  roll,  ft,  with  wind  component 
8^  -  ground  roll  corrected  for  wind,  ft 

Ito  "  ground  veloolty  at  take  off 
Vv  ■  component  of  wind  along  the  runway 
headwind  (+);  tailwind  (-). 


This  relationship  has  been  verified  by  extensive  flight  tee 
the  ground  roll  during  take  off  Is, 

'▼to 

8  .  /  1  d7 


Jo  « 


where: 


Neglecting  wind. 


(6.308) 


▼to  •  true  speed  at  take -off  point 
a  ■  acceleration 
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2 

Assuming  "a"  to  have  an  effective  constant  value  at  a  Dean  value  of  V  the  above  ex- 
rr-asion  becomes, 


S 


i 


a  ® 


(6.303) 


The  effective  thruet  acting  throughout  the  take-off  is  defined  at  the  difference 
between  propulsive  net  thruet  at  .7  Vto  and  the  aircraft  resistance  to  forward 
motion  at  the  sane  point.  This  take-off  thrust  equation  nay  he  written  ae. 


Feff 


V  V 


to 


2«S 


(6.304) 


The  basic  take-off  distance  equation  then  becomes. 


S 


UtiL. 

*«F.ff 


2 

_ _ 

2«  pn  -/u  (w  -  L)  -  5j  •  .7  Tto 


(6.305) 


One  method  of  evaluating  the  effect  of  small  changes  in  the  variables  of  equation 
6.305  is  by  use  of  logarithmic  differentiation.  With  this  aathesatieal  process 
and  with  the  assumption  of  constant  at  take-off  for  all  conditions  of  the 

variables , 

dD  _  dL  .  djf 
D  L  ¥ 


where, 

0  ■  aircraft  drag,  L  -  aerodynamic  lift 
then 

flS  u  d¥  ,  _£n  /d¥ 

*  «  *•  ».«(» 


or  in  another  form 


/A  coefficient  of  rolling  resistance 
Empirical  values  of ^  are 

jM  -  .02  for  hard  surface  runway 

•  ,04  for  firm  turf 
yKA  -  .10  for  soft  turf 


*) 


•?( 


*n’  » 
yeff 


- 


(6.306) 
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That*  equations  should  bo  used  only  where  the  ratios  of  tb«  variables  lie  between 
0,9  and  1.1, 


If  there  it  a  weight  variation  the  indicated  epeede  must  be  adjusted  for  a  con¬ 
stant  Oj,  assumption. 


An  exact  relationship  between  take-off  distances  for  large  changes  in  tbs 
variables  of  equation  6.305  can  be  found  by  making  M  constant  and  defining-. 
S2  in  terms  of  S^,  Vto.?  in  terms  of  VtQ,  and  feff2  1“  terms  of 

at  constant  Oj,,  This  expression  is. 


\ 


(6.308) 


Aquations  6,306,  6,307,  and  6.3O8  as  shown  are  directly  applicable  to  turbo¬ 
jet  aircraft  where  net  thrust  is  quite  easily  determined  for  take-off  conditions. 


Correction  for  Bunway  Slope  and  Variation 

It  is  sometimes  necessary  to  correct  take-off  data  for  runway  slope.  This 
is  a  simple  geometric  consideration.  The  effective  thrust  is. 


reff 


level 


»eff 


slops 


4-  *  sin  • 


dividing  by  ^effg^p,  “d  substituting  equation  6.304, 


®level 


lllSJBt- 


1  A.  gj  8slope 


sin  9 


'to 


slope 


(6.309) 


To  correct  data  to  constant  Cj,  a  relationship  is  found  by  multiplying 
equation  6.304  by  (W /¥)  ■  1. 


Then, 


8 


£ 


and 


«x 


<**//»>! 


(constant  r  ) 

(for  Jet  aircraft  only) 


(6.310) 


The  slops  and  Pl  corrections  along  with  the  wind  corrections  should  be 
applied  to  test  data  prior  to  density  weight  and  thrust  corrections. 
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AIS  DI3TASCI  DATA  COBHXCTIOH 


To  dot ermine  the  corrected  horiaontal  air  diatanea  from  lift-off  point  to  clear 
a  fifty  foot  obatacle  tha  corraetion  to  taro  wind  la  axpraaaad  aa  tha  product  of 
wind  reloclty  and  tiaa, 

S'a  *  8'av^  Tw  t  (6.311) 


where: 

S'a  ■  wind  corractad  taat  air  diatanea 

S'  -  0 be erred  air  diatanea  In  wind 

*w 


Vw  *  wind  component  along  runway 
t  ■  tiaa  from  lift-off  to  50  ft.  point 

Haglecting  wind  tha  following  azpraaalona  nay  ha  writtan  for  tha  air  diatanea  and  tha 
aircraft  energy  change  through  it. 


T  •  and  $1- 
t  dt 


ISO  +M.W 

t 


where: 

▼  «  aaan  true  a  i  rape  ad  between  taka-off  and  50  ft.  height. 
X  *  (50  +  T^/Zg)*,  total  energy  of  the  aircraft. 

V  ■  groaa  weight 

■  <’2S0  - ’to2)/2* 

“  ») 

u% 


T  s  net  thruat 
D  ■  total  air  drag 


Coahlning  theae  axpreaaiona  and  aubatltutlng  T(J 
for  the  air  diatanea  la  deriwad. 


,  .  »(50  ♦  >,) 

*  -  »)rff 


D)  for  dS/dt  a  general  expreaalon 


(6.312) 


Logarlthaie  differentiation  aty  be  applied  to  equation  6.312  to  determine  the 
effaot  on  air  diatanea  of  aaall  change •  in  the  rariablea.  Thia  proceaa  girea  for  a 
oonatant  Cj,  at  J%0  and  T^0, 
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(6.313) 


K 

so 


«n  \  *n  s» 

*n  j  *  (50  +  \) 


or  in  a not  bar  for* 


22  \  -h. _ 

*r  J  50  +  h* 


!sst\  'sl  ia_ . 

^(5oTM 


(6.314) 


whare  Tn 


n«t  thruat  ftt  ft  Dean  speed  between 


and 


These  aquations  should  be  used  only  where  the  ratios  of  the  Tariablee  lie 
between  0.9  ftnd  1.1. 


An  exact  relationship  between  air  distances  for  large  changes  in  the 
variables  of  equation  6.312  c&n  be  found  by  defining  in  tens  of 

S**  vt02  “d  ^502  in  t#r“  vtoi  41x4  t50i  aod  (*  "  d)2  ln  ***** 
of  (f  -  D)i  at  constant  Cj^  and  Pl^0*  *4**  •*P*‘eseion  is, 


S  yf  %  M  +5° _ 

S  S  +  50+S.^k  ..  k) 


(6.315) 


Iquations  6.313,  6.314,  and  6.315  as  shown  are  directly  applicabl*  to  turbo¬ 
jet  aircraft  where  nst  thrust  is  quits  easily  determined  for  take-off  con¬ 
ditions. 


IMP  I  RICH  TOHKJLAS  70R  COHHKTION  07  OBOUVD  unTJ.  JUSD  AIR  DISTAHCI  DATA  07 
BOTH  JIT  AID  FHORLISS  POVXSBD  AIBCBA1T 

The  following  expressions  for  the  effects  of  changes  ln  the  independent 
variables  involved  in  equations  6.305  and  6.312  were  developed  and  checked 
a^inat  experinental  data  by  Nr.  K.J.  Lush  of  the  flight  Bs search  Branch, 

Air  fores  flight  Test  Center,  The  complete  study  and  analysis  any  be  found 
in,  "Standardisation  of  Thke-Off  Ferformnce  Measurements  for  Airplanes*, 
Technical  Vote  B-12,  Air  force  flight  Test  Center,  Idwards  Air  force  Base, 

Id wards ,  California. 

These  formulas  were  developed  by  application  logarithede  differentia¬ 
tion  to  equations  6.305,  and  6. 312,  and  to  applicable  propeller  relationships . 
The  constants  were  deterained  priaarily  by  graphical  analysis  of  a  large 
aaount  of  take-off  data  fron  typical  aircraft.  Corrections  obtained  by 
these  formulas  will  give  sufficiently  accurate  data  for  changes  ln  ths 
variables  up  to  £  20)1. 

The  General  Case:  for  propeller  driven  and  Jet  airplanes,  the  general 
equations  (6.316)  and  (6.317)  will  be  used. 
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(6.316) 


f1  +  r  -  o  i 

♦Hb} 


or  alternatively 

s«. 

s«t 

and 

or  alternatively 

s*t 

for  light  airplanes 

£  *  «  *  * 


(6.31?) 

(6.31S) 

(6.319) 

(6.320) 

(6.321) 

(6.322) 


Tor  moderate  corrections  either  type  of 
corrections  are  large  (for  example,  \AS/S\< 
appreciably  more  accurate. 


equation  is  satisfactory,  but  if  the 
0.2)  the  exponential  forms  will  be 


Propeller  Thrust  Corrections: 
for  fixed  pitch  propellers, 

-  1.1  -  0.1  %  “•»> 

at  constant  engine  speed 
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(6.324) 


<f  ♦  o>  -  0.1  f 


at  full  throttle 


While  for  constant  speed  propellers 


*JL  - 


0.7 


i?  +  0.5  f'-  o.J  «  -  0.2  {j* 


(6.325) 


Take-Off  and  Air  Dletanee  Corrections  for  fixed  Pitch  Propellers:  Corrections 
may  be  required  at  constant  engine  speed  or  at  fall  throttle. 

At  constant  engine  speed 


£ 


-  2  4  ~  2.4 

wt  c\ 


(6.326) 


and 


AS, 


*  2.2  &  -  2.2  AT 


(6.327) 


If  A s/S  is  numerically  large,  It  is  again  preferable  to  use  the  exponential 
form 


2.4  /  \  -2.4 


.  .  y  z.a  /  \ 

h  «  /Hi  1  /2k) 

*«t  \  ^  J 


(6.328) 


and 


(6.329) 


At  full  throttle  there  will  be  a  correction  to  engine  speed 


AS. 

S. 


2.4  6)1  -  2,4  4  0.5 


AT. 


*t 


(6.330) 
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(6.331) 


&od 


2.2 


4 1 


2.2 


<n 


4 


with  the  corresponding  exponential  forme 


(6.332) 


(6.333) 


Constant  Snead  Pronellera;  ThlB  section  applies  to  airplanes  which  are 
entirely,  or  almost  entirely,  propeller  driven  at  take-off.  For  the  ground  roll. 


2.6 


4* 


1.7 


*?^0.7 

°t  »t 


and  the  alternative  form 


(6.33*0 


(6.335) 


For  the  air  phase,  distinguish  between  light  and  heavy  airplanes.  For  light 
airplanes  use. 


(6.336) 


or  alternatively 


(6.337) 
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For  heavy  airplanes  In  the  air  phase,  use, 


2.6  AW 
t 


1.5  Atr' 


0.8  Ah 


l.i  Abhp 

11 r~ 

t 


or  alternatively 


Thrust  Corrections  for  Turto  Propellers:  The  general  case  equations 
6.3m  or  6.320  or  their  alternates,  say  be  used  for  turbo  propeller  air¬ 
planes. 


The  thrust  correction  Is  given  by 


Af 

*T 


*t 


where: 


rjt  +  V 


and.  eatlsate  A  Fp/Fj^  by  equation  6.32$. 


pt 


0.7  Abhp 


0.5  A<r 


o-t 


Generally  for  turto  propeller  aircraft 
AF  *F 

Ignored.  Than 


A  *. 


0.5  A  H  -  0.2  A  v 

®t~  *T 

Is  negligible  and  eey  be 


Part-Tl—  Assistance:  Again,  equations  6.318  and  6.320  are  used 
basically,  but  with  an  effective  neon  thrust.  The  consideration  here  Is 
primarily  JATO,  but  the  nathod  can  be  applied  to  other  farms  of  thrust 
boost  operated  over  a  United  period. 

The  te--*-  effective,  mean  thrust  boost  Fr  1a  either  tho  ground 
roll  or  air  phase  given  by  equation  6.341.  * 


where 

Fr  r  JATO  thrust 
ATT?  6273 
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(6.339) 


(6.340) 


(6.325) 


(6.341) 


6-15 


Sg  =  distance  covered  in  phase  with  JATO  ope  rating 
S  s  total  length  of  phase 


The  standard  effective  aean  throat  in  the  air  phase  is  either  zero  (ATO  to  cease 
at  take-off)  or  equal  to  the  actual  ATO  throat  (ATO  to  last  to  50  ft.).  The 
standard  effective  Dean  thrua*  in  the  ground  roll,  however,  depends  on  the  time, 

t_  ,  during  which  the  ATO  is  to  operate  in  the  air  phase  under  standard  conditions. 

a 


0  ATO  ceasing  at  take-off 


2 V(Ya 


to 


■f  Y_  )  for  ATO  ceasing  at  50  ft. 

50 


(6.3U2) 


Hence,  if  t&^  was  the  test  duration  of  the  ATO  in  the  air  phase,  the  ATO  duration 
in  the  ground  roll  must  he  corrected  by 


^Rc 


(6.31*3) 


the  correction  to  the  air  phaee  la  then  given  by  equation  6.320  using  the  total 
in  effective  thruet.  Tor  the  ground  roll,  however,  use  equation  6.31*1* 


AS< 

S. 


2.3  - 


\ 


3 


-  1.3 


-  H  4 


ytt 


-2x2- 


-  1.3 


n 


1.3  4 


Sl 


1*2- 


-  1.3 


A/v 


(6.3^*) 


where? 

Tt^  ■  test  total  threat 
■  basic  engine  thruet 

The  thruet  terse  in  all  the  above  equations  are  the  thruste  obtained  at 
■eaa  take-off  or  air  distance  epeede  unless  otherwise  defined. 
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SECTION  6.4 


Landing  Performannw  TVqtB  and  Corrections 


Landing  tests  oonslst  of  a  series  of  landings  to  determine  the  total  distance 
required  to  pass  over  a  50  foot  ohetaole ,  touch  down,  and  ccrbb  to  a  complete  stop. 
The  aircraft  should  be  operated  In  such  a  manner  as  to  give  the  best  landing  per¬ 
formance  vlthln  the  operational  limits  of  the  airplane. 

Hie  gross  weight  for  landing  teste  is  usually  the  maximum  load  used  In 
aervioe;  for  heavily  loaded  aircraft  It  may  be  lees  one -half  the  fuel  and  lese  any 
dropable  load.  All  tests  will  be  run  as  close  as  possible  to  the  desired  gross 
weight,  as  weight  corrections  for  landing  roll  have  not  been  proved  consistent. 

The  aircraft  landing  configuration  Is  normally  with  wing  flaps  full  down,  engine 
at  Idling  rpm,  and  cowl  flaps,  when  installed,  full  closed.  Any  speoial  con¬ 
figuration  for  landing  will  be  eo  stated.  After  the  aircraft  has  touched  down 
maximum  braking  power  Is  applied  without  skidding. 

Hie  measurement  of  air  and  ground  distance  for  landing  Is  accomplished  in  the 
same  manner  as  described  far  take-off  testa.  Hie  observed  landing  time  and  dis¬ 
tance  data  are  plotted  similarly  to  the  observed  take -off  data.  All  landing  per¬ 
formance  data  are  oorreoted  to  standard  conditions  unless  otherwise  specified. 

Hie  average  of  the  best  two  of  at  least  four  landings  is  reported.  As  In  takr-offa, 
pilot  technique  la  a  Large  factor  in  determining  landing  performance .  Approach 
technique  and  the  use  of  brakes  are  extremely  Important  in  order  to  produoe  con¬ 
sistent  results. 


LANDING  DATA  CORRECTIONS 


In  converting  the  observed  data  to  standard,  sea  level  conditions,  the  wind 
corrections  as  used  for  take-off  are  again  used.  These  are: 

X  05 

ground  roll  oorreoted  for  wind  ■  obe.  ground  roll  * 


pe) 


air  distance  corrected  for  wind -  obs.  air  distance  ♦  \  t 


During  the  approach  from  the  $0  foot  obstacle  to  touch  dovn,  the  aircraft  has  both 
potential  and  ttnetlo  energy  vhloh  most  be  dissipated  prior  to  touch  down.  This 
may  be  expressed  as, 


(6.401) 


where: 


7  •  retarding  foroe  acting  over  the  air  distance  S 
Vjq  ■  true  speed  at  50  foot  height 
V^j  >>  true  speed  at  touch  down 
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Solving  for  air  distance, 


/ 

S 


V 

F 


(6.402) 


“Hie  term  W/F  Is  actually  an  average  ratio  of  lift  to  drag  during  the  descent. 
Due  to  ground  effect  and  transition  from  glide  to  flare  out,  the  value  of  l/t 
is  difficult  to  obtain,  and  it  must  he  assumed  to  he  constant  for  all  velght 
and  density  conditions.  The  difference  in  the  velocities  V^q  and  may  he 
said  to  he  negligible  betveen  test  and  standard  conditions.  Therefore,  it  le 
seen  that  the  test  air  distance  equals  the  standard  air  dlstanoe,  except  for 
the  effects  of  wind,  and  the  final  expression  for  correcting  air  distance 
during  landing  is  given  as. 


sjft  “  s/tw  *  V  (6.403) 

where : 

Sy*  *  larding  air  distance  from  a  50  foot  obstacle,  zero 
t  wind,  ft. 

S •  test  landing  air  distance  from  a  50  foot  obstacle, 

*  with  wind  component,  ft. 

Vw  ■  wind  component,  ft /sec 
t  •  time,  sec 


For  the  landing  ground  roll,  the  ground  distance  may  be  given  as: 

,o 

dV 


e 


(6.404) 


Using  an  average  deceleration  during  ground  roll,  this  expression  may  be 
simplified  by  integration  to  the  following  form: 


S  • 

where : 


*td 

-2a 


(6.405) 


-a  •  deceleration 


Assuming  for  constant  teht  and  standard  day  touch  down  true  speeds  that  the 
change  in  Cl  at  standard  and  observed  conditiona  is  negligible,  equation  6.405 
may  be  standardized  In  the  same  manner  us  the  take -off  equation.  The  final 
expression  for  landing  ground  roll  is, 


where : 


(6.406) 


S fe  •  standard  landing  ground  distance 

test  landing  grouitf  dlstanoe  with  wind  component 
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and  the  total  landing  distance  is  then, 


Total  S^e  -  (s^tv+  Vyt  ) 


(6.407) 


From  observation  of  data  obtained  during  many  landings,  it  has  been  found 
that  the  weight  correction  as  shown  in  equation  6.407  is  not  reliable,  and,  in 
the  event  of  a  departure  from  standard  weight  during  landings,  no  weight  cor¬ 
rections  have  been  found  usable  because  of  the  many  factors  involved  in  landing 
technique;  these  factors  are:  approach  speeds,  flare -out  pattern,  application 
of  brakes,  etc.  As  a  result,  every  effort  is  made  to  keep  the  test  weight  as 
close  to  the  standard  weight  as  possible,  and  the  final  ueable  equation  for 
landing  roll  is, 


Total  Sjg  »  (S/tv  +  vwt)  +  S/tv 


/vtd  +  Vy 
\  Vtd 


1.85 


(6.408) 


jATA  REDUCTION  OUTLINE  (6.41) 
For  landing  Test  Data 


( 1) 

S/tv 

ft 

(  2) 

Vtd 

ft/eec 

(  3) 

ft/sec 

( 4) 

*n 

ft 

(  5) 

Pa 

"Hg 

(  6) 

*et 

°C 

(  7) 

(  8) 

(  9) 

V<ra 

(10) 

st. 

ft 

(U) 

fytv 

ft 

(12) 

t 

sec 

(13) 

8/. 

ft 

(14) 

Total  S (B 

ft 

Observed  ground  roll,  with  wind  component 
Ground  veloolty  at  touch  down,  from  slope 
of  tins -distance  curve 

Wind  component  along  runway,  from  observed 
data;  headwind  (+),  tailwind  (-) 

Tut  ground  roll  corrected  for  wind,  (1) 

R2}  ♦  mli.Sp 


Teat  barometric  pressure,  from  oboerved 
data 

Test  ambient  temperature,  from  observed 
data 

Test  density  ratio,  9«625 
Standard  density  ratio,  from  standard  alti¬ 
tude  tables  and  field  elevation 
(7)  ♦  (8) 


(5)  ♦  [275  +  (6)] 


Standard  ground  roll  for  zero  wind  (4)  x  (9) 

Observed  air  distance  from  50  foot  height, 
with  wind  component 

Tins  from  50  foot  height  to  touch  down 
Standard  landing  air  distance  from  50  foot 
height,  for  zero  wind  (11)  +[(3)  x  (12)] 
Total  standard  landing  distance  from  50 
foot  height  for  zero  wind,  (lQ)  +  (13) 
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SICTIOH  6.5 


Dimensionless  Parameters  for  Take-Off 
aad  Landing  Performance  Pnta 


Application  of  dimensional  analytic  to  taka-off  parforaaact  any  sometimes 
assist  the  engineer  by  reducing  the  apparent  number  of  Independent  variables 
and,  more  vitally,  by  associating  variables  such  as  air  density  which  are  out 
of  his  control  in  "non-dimensional"  groups  with  controllable  variables  such  as 
airplane  gross  weight  and  engine  power  or  thrust. 

The  practical  value  of  such  an  approach  has  not  yet  been  assessed.  It  seems 
however,  to  be  potentially  valuable  in  certain  cases.  In  particular,  if  the  test 
values  of  the  nou-dimensional  groups  derived  can  be  accurately  controlled  at  the 
values  corresponding  to  standard  conditions  the  standardization  process  can  there¬ 
by  be  almost  eliminated.  Otherwise,  the  main  attraction  of  the  approach  would  be 
to  enable  more  efficient  use  of  test  data  obtained  under  a  wide  range  of  test 
conditions,  particularly  when  it  is  desired  to  predict  from  such  tests  the  take¬ 
off  performance  under  a  wide  range  of  standard  conditions, 

Ifeny  non-dimensional  groups  can  usually  be  made  up  in  any  one  problem.  Those 
given  below  are  useful,  but  may  be  modified  if  circumstances  so  demand. 

HSCIPPOCATING  ENGIBE  AIBCBAJT 

The  functional  relations  between  the  ground  roll  and  the  independent  varia¬ 
bles  for  an  airplane  in  a  given  configuration  may  be  written  in  the  following 
form,  among  others: 

Sg  *  H. W.  Vv/a  ,  g)  (6.501) 

where: 

a  ground  roll 

A  x  some  fixed  area  of  the  airplane 

tf  a  gross  weight 

H  »  engine  speed 

a  true  speed  at  unstick 

*  coefficient  cf  friction  (with  ground) 

Similarly  we  can  write  for  the  total  distance  to  reach  a  height  "h", 

St  -  f2(BHP,  »,/>,¥,  Ttl,  Tt2./<  .  «.  (6.502) 

where  18  the  true  speed  at  the  height  *h". 
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By  application  of  diaensional  analysis  to  the  above  functional  relations 
w  say  deduce  that 


&£ .  ^  <6-503) 
NA*  _  v  /S*  A-/T  . 

yr*  V/  w  •  W  »  '  »  '  y 

(6.504) 


In  any  particular  case  we  may  omit  "A*  and  also,  for  a  given  system  of  units, 
ng*.  We  may  also  substitute  <T  for  f  and,  for  normal  runway  surfaces,  omit 
.  We  then  have  for  the  ground  roll. 


(6.505) 


(6.506) 


since 


bhp  yy 

W  W 


proportional  to 


at  given  (T'/W 


The  term  in  Y^ 


is  proportional  to 


and  will  therefore  be  approximately 


constant  for  a  given  level  of  piloting  skill  or  of  risk.  (Changes  in  avail-, 
able  due  to  ctrnnge  of  slipstream  intensity  may  be  ignored  for  moderate 
range*  of  W).  If  its  test  range  is  not  large  ths  Y^  product  may  be  omitted 

and  its  effects  treated  as  scatter.  Otherwise,  it  nay  be  necessary  to  attempt 
to  crose  plot  in  terms  of  it. 


Trom  inspection  of  equation  (6.506)  it  will  be  readily  appreciated  that  if 
the  tests  can  be  cade  at  tbs  values  of  <r7tf,  I  and  BHP/W  which  correspond  to 
standard  conditions  the  ground  roll  will  be  equal  to  the  standard  ground  roll 
for  tbs  sans  value  of  tbs  take-off  lift  coefficient.  Bo  standardisation  of  the 
observed  ground  roll  le  required.  Alternatively,  test  ground  rolls  for  a  range 
of  BSP/V  and  <r/V  might  be  plotted  against  these  variables  and  the  ground  roll 
at  any  desired  conbinations  of  power,  density  and  gross  weight  deduced. 


A  similar  consideration  of  the  total  distance  to  height  *h*  shows  that  for 
ths  particular  csss  of  ths  distance  to  ft.  we  nay  write, 


(6.50?) 
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In  this  eats  the  variable 


iT 


will  usually  be  relatively  uninportant 


and  nay  be  omitted.  The  expression  V.  ff  is  a  function  only  of  the  lift 


coefficient  at  50  ft,  and  will  be  assumed  constant  between  test  and  standard 
conditions  for  a  siren  level  of  skill  and  risk.  As  with  the  ground  roll, 
the  expression  would  be  ignored  unless  its  variation  from  test  to  test  a« 
so  large  as  to  make  cross  plotting  desirable. 


AIRCRAiT  WITH  TURBO- JJT  OS  KIXSD  SYSTS« 


A  similar  approach  may  be  adopted  for  airplanes  with  turbo-jet  engines  or 
any  propulsive  system  which  operates  throughout  the  take-off.  If,  instead  of 
dafining  the  performance  of  the  propulsive  system  by  the  variables  BHP,  H  and 

we  write  in  only  the  net  thrust  Iq  we  may  daduca  the  more  general  relations, 


(6.508) 

(6.509) 


Aa  with  the  reciprocating  engined  airplane  the  expressions  containing  Y^  and 

Vt  will  usually  be  ignored  and  their  effects  treated  as  scatter.  If.  then,  the 
teste  can  be  made  at  the  values  of  ?n/V  end  Ww  which  correspond  to  standard 
conditions  no  further  standardisation  is  necessary.  Alternatively ,  a  plot  of 
take-off  distance  against  these  groups  would  yield  the  take-off  distances  for 
any  desired  combination  of  Tn,  V  and  o' within  the  experimental  range  of  ]*B/V 
and  <r7v.  Tor  example,  take-off  distances  at  mderate  weight  and  high  altitude 
may  be  deduced  from  teste  wde  at  a  high  gross  weight  at  low  altitude  (high 
density)  with  a  suitable  thrust. 

Alternative  relatione  which  may  eoaatlmee  be  more  convenient  nay  be  obtained 
by  including  ambient  air  pressure  and  temperature  as  independent  variables  instead 
of  air  density  only.  This  would  normally  increase  the  resultant  number  of  non- 
dimensional  groups,  but  in  this  case  it  can  be  shown  that  one  group  is  negligible. 
If  we  start  with  the  relations, 

^a»  *a»  ^ 

and  V,  Pj,  Y^ ,  Y^t ^  k) 

it  can  be  deduced  from  dimensional  analysis  that 

^  *  *>  fe  •  £  '  V*4  ’  £*) 


(6.510) 

(6.511) 

(6.512) 
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and 


▲a  before,  ve  say  now  omit  g,  A  and  yu- 


ao  deducing  the  relatione 


(6.51*0 


(6.515) 


Ve  thus  have  the  very  inconvenient  variable  Ta  left  uncombined  with  any  con¬ 
trollable  variable.  If  a  dynamical  analysis  is  made  at  this  point,  however, 
it  can  be  shown  with  the  above  choice  of  variables  ?a  may  be  omitted.  (This 
happens  because  Pa  and  Ta  do  not  in  fact  affect  take-off  entirely  indepen¬ 
dently  but  only  through  their  ratio  Pa/T a  —  i.e.,  the  density.  They  were 
introduced  as  independent  variables  only  to  produce  the  groups  Fn/Pa  and 
V/Pa).  Ve  thus  have, 


(6.516) 


(6.517) 


vhore  S»  is  the  distance  required  to  reach  a  height  euoal  to  the  value  of 
h/Ta  under  standard  conditions,  in.  a  height  h  x  Tafl/Ta^  where  suffices 
a  and  t  indicate  standard  and  test  conditions  respectively.  These 
equations  are  sometimes  more  convenient  ae  Pn/Pa  is  usually  independent  of 
air  temperature  and  V/Pa  is  mors  readily  controlled  than  cr'/V. 
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CHAPTER  SEVEN 


HELICOPTER  PLIGHT  TEST  PERFORMANCE  AND  ANALYSIS 
SECTION  7.1 
Introduction 

The  flight  testing  techniques  and  performance  data  analysis  methods  for 
helicopter  aircraft  are  still  in  the  researoh  and  development  stage.  The  many 
peculiarities  of  helicopter  design  and  flight  performance  characteristics  prevent 
difficult  analytical  problems  in  both  performance  standardization  and  instru¬ 
mentation  requirements.  The  problems  of  performance  weight  correction  and  accu¬ 
rate  low,  or  zero,  speed  determination  have  not  been  solved  in  any  simplified 
manner.  Although  the  unstable  flying  characteristics  of  the  helicopter  may  be 
corrected  by  future  development,  at  present  they  present  a  very  difficult  flying 
task  to  the  test  pilot  who  seeks  to  obtain  high  quality  test  data. 

The  ability  of  the  helicopter  to  move  in  any  direction  relative  to  its  thrse 
axes  presents  a  major  control  problem  when  stabilized  flight  in  a  certain  di¬ 
rection  is  required.  Although  the  helicopter  can  hover  motionless  at  any  alti¬ 
tude  below  the  hovering  ceiling,  the  determination  of  the  true  hovering  oondltlon 
Is  not  possible  without  elaborate  and  Ingenious  devices  for  determining  zero  air 
speed*  It  might  appear  that,  because  this  type  aircraft  Is  capable  of  maintain¬ 
ing  stabilized  flight  between  zero  and  maximum  air  speed,  there  would  be  no 
problems  of  stalling  as  are  encountered  in  conventional  aircraft.  Actually,  be¬ 
cause  the  individual  rotor  blades  are  airfoils,  a  stall  oondltlon  oan  occur  on 
the  blades  individually  or  as  a  group,  and  this  stall  oan  be  effective  In  limit¬ 
ing  performance  at  any  speed  from  zero  to  maximum.  Blade  stall  Is  an  important 
performance  criterion,  as  It  is  aoocmpanled  by  excessive  power  requirements  and 
weight  limitations  at  both  high  and  low  forward  speeds.  In  addition,  at  high 
forward  speeds  the  blade  stall  is  more  pronounced  in  the  retreating  portion  of 
the  rotor  disk  area.  Ibis  may  result  In  vibration  and  excessive  control  in¬ 
stability  In  addition  to  the  increased  power  demands. 

The  basio  aerodynamic  analysis  for  the  belioopter  Is  essentially  that  of 
the  conventional  propeller  car  airscrew.  In  the  helicopter,  suitable  mechanical 
devices  allow  part  of  the  rotor  thrust  to  act  as  a  horizontal  component  which 
balanoes  the  fuselage  drag  and  propels  the  aircraft.  The  remaining  rotor  thrust 
sustains  the  belioopter  or  provides  enough  thrust  for  vertical  motion  upwards. 
Bart  of  the  total  power  output  of  the  engine  Is  also  used  to  overocme  blade  drag 
and  gear  losses  and  to  provide  directional  control.  Figure  7.11  illustrates  the 
rotor  thrust  components. 

lbs  many  aerodynamlo  factors  Involved  in  the  performance  of  a  belioopter 
rotor  or  system  of  rotors  have  conflicting  affects  on  optima  performance;  that 
which  serves  best  for  the  hovering  condition  may  detract  from  the  high  forward 
speed  performance.  A  particular  aircraft  may  be  the  result  of  many  aerodynaalp 
compromises  that  ware  mads  to  obtain  optimal  overall  performance.  Generally 
these  compromises  are  made,  not  in  the  variable  factors  that  are  of  interest  in 
flight  performance  analysis,  but  in  some  of  the  aerodynamic  constants  such  as 
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the  rotor  configuration,  the  rotor  area,  the  rotor  solidity  factor  (blade  area/ 
rotor  area),  and  the  blade  tvlst  or  shape.  Flight  tests  nay  be  required  to 
evaluate  parlous  configurations  of  these  items,  but  they  are  not  flight  variables 
In  themselves.  As  vith  conventional  aircraft,  the  helicopter  performance  pre- 
eentation  should  Include  the  standard  speed -power,  rate  of  oliaib  and  desoent, 
range,  hovering  performance  and  rotor  efficiency  for  various  gross  veights  and 


Figure  7»11 

Simplified  Sketoh  of  Helicopter  Thrust 
and  Lift  Components 

It  should  be  noted  here  that  theoretical  studies  and  flight  tests  indicate 
that  the  most  afflolent  level  flight  and  hovering  performance  will  be  obtained 
by  varying  rotor  Fpm  or  tip  speed.  The  most  efficient  rpn  at  high  flight  speed 
is  greater  than  the  moat  efflolent  rpn  at  low  flight  speed  and  hovering. 
Actually,  It  appears  that  future  helicopters  may  have  two  rotor  gear  ratios, 
one  giving  a  high  rotor  rpn  far  high-speed  forward  flight  and  one  giving  a 
lower  rotor  rpn  at  maximum  engine  power  for  hovering  and  low-speed  forward 
flight.  This  factor  will  not  complicate  data  reduction  or  presentation, 
because  for  most  efficient  operation,  each  of  the  two  rotor  rpm  may  be 
restricted  to  separate  forward  speed  ranges  and  data  may  be  plotted  far  • 
constant  rotor  rpn  In  each  of  these  ranges. 
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SECTIOlf  7.2 


Level  Pliant  Performance 

The  helicopter  performance  parameters  are  restricted  herein  to  the  density 
altitude  method  of  data  reduction  and  presentation.  This  is  a  result  of  the 
requirement  for  a  rotor  speed  variable.  If  atmospherio  pressure  and  temperature 
are  separated,  as  is  done  in  the  pressure  altitude  approaoh,  the  level  flight 
performance  must  he  represented  by  four  parameters  and  cannot  easily  be  dealt 
with  graphically. 

extensive  analytical  methods  using  the  vortex  theory  and  the  blade  element 
theory  as  applied  to  propellers  can  be  used  to  determine  the  many  design  charac¬ 
teristics  for  helicopter  rotors.  The  necessary  flight  performance  parameters 
are  more  simply  derived  by  the  use  of  dimensional  analysis.  Far  the  density 
altitude  system  the  nondimenslonal  functional  equation  le, 

BHP  a  f  (W,  Vt,  Vb,  j>  ,  A)  (7.201) 


vhere: 


BHP  *  rotor  shaft  brake  horsepower 
V  =  gross  weight 

=  true  horizontal  speed 
Vb  =  rotor  tip  speed  or  rj* 
f  *  air  density 
A  =  rotor  disk  area 

From  equation  7.201  two  basic  sets  of  parameters  are  derived  by  dimensional 
analysis. 


BHP  _  f 

‘ - 

-  *1 

*  9  V 

*  f  V 

BHP  (Af  )*  _ 

f  K 

/XA  )  * 

(w)  3/2 

L 

1  W  I 

parameters  are 

referred 

to  as: 

W‘l 


(7.202) 

(7.203) 


A  t  V 

— 

A  ?  V 


=  Cp,  power  coefficient 

=  Cfji,  thrust  coefficient  (a  function  of  the  average 
far  tho  Individual  rotor  blades) 


m. 


MU  power  efficiency  parameter 
*  M  ,  tip  speed  ratio 
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h 

▼b 


Although  BHP  is  defined  aa  the  horsepower  delivered  to  the  rotor,  the  engine 
BHP  la  used  for  performance  work  since  power  extraction  for  directional 
control  does  not  vary  much  for  given  values  of  the  various  parameters. 

COEFFICIENT  TYPE  PERFORMANCE  BATA 

A  typical  plot  of  equation  7.202  la  shown  in  Figure  “7. 21.  It  can  be 
seen  In  this  plot  that  as  the  values  of  Cp  increase  (increasing  blade  Cl) 
more  power  Is  required  for  a  constant  rotor  tip  speed.  At  a  constant  Cp  the 
power  required  first  decreases  with  forward  speed  and  then  Increases  at  the 
higher  forward  speeds.  This  results  from  a  slightly  increasing  rotor  blade 
drag  power  with  speed,  a  large  reduction  in  power  required  to  pull  air  through 
the  rotor  (induced  power),  and  a  large  increase  in  fuselage  drag  power  required 
with  increasing  forward  speed.  At  high  forward  speeds  the  retreating  rotor 
blades  decrease  their  relative  speed  causing  the  blade  Cl  to  Increase  momen¬ 
tarily;  this  can  cause  blade  tip  stall  and  result  in  rapidly  increasing  power 
requirements  at  high  forward  speeds.  During  hovering  and  low  forward  speeds, 
decreasing  rotor  tip  speeds  can  mean  a  reduction  in  power  required  at  in¬ 
creased  values  of  Cp  and  Cp;  however,  the  extent  of  rotor  tip  speed  reduction 
la  limited  by  blade  stall  and  reduct  ion -gear  power  requirements. 


TIP  SPEED  RATIO, A 


Figure  7.21 

^TPloal  Plot  of  the  Coefficient  Method  of 
Presenting  Helioopter  Level  Flight  Performance 
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One  of  the  parameters  In  equation  7.202  oust  be  held  oonstant  if  data 
reduotlon  is  to  be  simplified.  At  oonstant;  rotor  speeds* constant  Cj  values  can 
he  maintained  during  level  flight  power  calibrations.  This  is  done  by  using  a 
chart  of  weight  or  fuel  load  vs  density  altitude  far  oonstant  C?  values.  This 
can  also  be  done  by  flying  at  a  oonstant  value  of  V/fa  as  described  in  Section 
4.9.  Vlthln  an  ambient  temperature  range  of  ±5*0  the  error  introduced  In  C<p 
at  oonstant  W/^a  will  be  only  ±1.0  percent. 


For  simplified  reduction  and  presentation  of  data  at  a  oonstant  rotor  rpm, 
equation  7.202  may  be  put  in  a  dimensional  form. 


(7.204) 


A  typical  set  of  curves  Is  shown  in  Figure  7.22.  This  plot  gives  eaa  level 
standard  performance  at  a  glance,  and  a  complete  eet  of  faired  curves  can  be 
easily  converted  to  Cp,  C?,  end  jjl  values  by  use  of  the  necessary  sets  of 
constants  for  the  particular  aircraft  and  values  of  EHP/r" ,  w/e*',  and  from 
the  faired  curves. 


TRUE  SPEED,  7^ 


Figure  7.22 

Typical  Dimensional  Presentation  of  Coefficient 
Data  at  Constant  Hot  or  Speed,  Level  Flight 
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If  desired  the  term  w/o"  may  be  used  in  the  formflrWg/w+.  This  allows  power 
data  for  a  constant  rotor  rpm  to  be  directly  interpretea  in  terms  of  density 
at  standard  weight,  or  weight  ratio  at  sea  level  density.  Faired  data  in  this 
form  can  also  be  convertea  to  Cq>  values  by  use  of  constants  for  the  particular 
aircraft. 

The  dimensional  plot  of  Figure  7-22  for  a  particular  rotor  rpm  may  be 
converted  to  that  obtainable  at  another  rotor  rpm  by  these  equalities: 


The  Important  factor  in  these  rotor  rpm  conversions  is  whether  the  reduced  rotor 
rpm  is  also  reduced  engine  rpm  or  if  normal  engine  rpm  arid  power  may  be  main' 
tained.  Any  rotor  rpm  extrapolations  should  be  spot  checked  by  actual  flight 
tests . 

'The  determination  of  test  brake  horsepower  is  easily  accomplished  if  a 
torquemeter  is  installed  on  the  engine.  Usually  this  device  is  not  available 
on  helicopters  and  the  engine  manufacturer's  power  chart  must  be  uaod.  In 
many  cases  the  power  charte  give  very  inaccurate  results  at  altitude.  If 
this  appears  to  be  the  came,  manifold  pressure  may  be  substituted  for  brake 
horsepower  in  data  presentation  like  that  of  Figure  7-22,  The  ordinates  vould 
then  be  MP and  Vfc.  Obviously,  manifold  pressure  should  not  be  substituted 
in  the  power  coefficient  term. 


POWER,  FORWARD  SPEED,  AND  ROTOR  SPEED  PARAMETER  METHOD 

For  a  particular  helicopter,  equation  7*203  may  be  put  in  a  dimensional 


form: 


BHP  (CT) 
where : 


(CK)‘ 


(7*205) 


W0  =  some  standard  gross  weight 

The  left  side  term  in  this  equation  ie  the  effective  power  efficiency  corres¬ 
ponding  to  the  inverse  of  the  figure  of  merit,  M,  the  rotor  efficiency.  A 
typioal  plot  of  equation  7*205  as  in  Figure  7*23  shows  the  relative  rotor 
efficiencies  throughout  the  level  flight  range.  Minimum  values  of  the  power 


s. 
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torn  correspond  to  maximum  values  of  the  figure  of  merit.  The  effect  of  reduoed 
rotor  rpa  is  also  apparent  on  this  plot;  however,  as  mentioned  before,  the  value 
of  actual  reduction  of  rotor  rpm  depends  on  its  effect  on  the  power  output  of 
the  engine. 


t- 


Forvard  Speed,  and  Rotor  Speed  Data 

For  Vf.  equal  to  zero  (hovering), equation  7.205  resolves  into  two  parameters 
which  are  effectively  the  rotor  efficiency,  M,  and  (Cp)z.  It  can  be  seen  from 
the  above  plot  that  M  Is  a  function  of  Cq..  The  derivation  of  the  figure  of 
merit  is  discussed  in  the  next  section. 


For  flight  at  oonstant  rotor  rpm  equation  7.205  may  be  plotted  as  in  Figure 
7.2^.  Here  the  parameter  (c^W_/wt5z  nay  be  interpreted  as  (W8/Wt)z  for  O' 
equal  to  1.0,  or  as  (O')’S  for  the  standard  weight,  or  as  the  percent  of  rated 
rotor  rpm  for  standard  sea  level  and  weight  conditions.  If  data  are  obtained  at 
one  rotor  rpm  it  may  be  replotted  for  some  other  rotor  rpm  by  using  the  equality 


For  the  true  speed  and  altitude  range e  encountered  by  moat  helicopters, 
calibrated  speed,  V0,  nay  be  substituted  for  the  term  V+  ~\io' .  With  the  para¬ 
meters  of  equation  7.205  a  constant  CT/w  must  be  held  during  power  calibrations 
This  1-  accomplished  by  the  use  of  a  density  altitude -weight -Cp  chart  or  a 
weight -pressure  altitude -W/Pa  ohart  as  described  previously. 


* 
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POWER  PARAMETER  EFFECTIVE  FIGURE  OF  MERIT 


Figure  1.2k 

Typical  Presentation  of  Level  Flight  Power, 
Calibrated  Speed,  and  Penalty  Data 
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DATA  REDUCTION  OUTLINE  (7.21) 


Speed -Power  or  Speed -Manif old  Pressure  Plote  for 
Flight  Test  Data  Obtained  at  Constant 
W fcr  (Cj)  and  Constant  Rotor  Rpm 


( 1) 

Test  Point  Number 

(  2) 

H1 

ft 

(  3) 

AHl0 

ft 

(  4) 

Vt 

knots 

(  5) 

A  vlc 

knots 

(  6) 

AV  0 

knots 

(  7) 

v  1 

knots 

(  8) 

A  ®po 

ft 

(  9) 

H0 

ft 

(10) 

tj 

°Q 

(11) 

A  t^ 

•c 

(12) 

(13) 

Cl 

iTfP’ 

°c 

(14) 

▼tt 

knots 

(15) 

tot 

cC 

(16) 

taa 

rC 

(17) 

1  T.At 

(18) 

Engine  rpm 

(19) 

1  MPt 

"Hg 

(20) 

BEP0 

(21) 

(22) 

(  BHPt 

1  “t 

lbs 

(23) 

1  }&r 

lbs 

(24 

1  Plot  (21 1  n 

(14) 

(25) 

«+ 

O 

01 

*C 

(26)  ^Tot/Toll 

(27)  BHPa 

(28)  Vta 

(29)  Plot  (27)  vs 

(28) 

;  this 

Indicated  pressure  altitude 
Altimeter  instrument  correction 
Indicated  air  speed 
Air  -speed  instrument  correction 
Air-speed  position  correction 
Calibrated  air  speed,  (4)  +  (3)  +  (o' 
Altimeter  position  error  correction 
True  pressure  altitude,  (2)  +  (3)  +(.6,< 
Indicated  ambient  temperature 
Temperature  instrument  correction 
Test  ambient  temperature,  (10^  (11) 

From  (9)  and  (12)  and  CHART  I*  J 
Test  true  speed,  (7)  X  (13) 

Test  carburetor  temperature 
Standard  ambient  temperature,  from  (9 ) 
aryl  Table  9.2 _ _________ 

“pl6  )  4  273]  +  [l  15)  +  273] 


Test  manifold  pressure 

Chart  brake  horsepower,  from  (9)  and 

(18)  and  (19) 

Test  brake  horsepower,  (20)  x  (17) 
Test  aircraft  weight 
(22)  x  (13)2 

Standard  carburetor  air  temperature, 
(16)  -  (12)  +  (13) 

"^15)  +  273]  i  )  +•  2  7!Q 
Standard  brake  horsepower,  (21 )x  (26) 
Standard  day  true  speed,  from  (27) 
and  (24) 

is  the  etandard  day  speed  power  curve 


BOTE:  If  the  manifold  preeeure -ambient  pressure  ratio  exceeds  1.5»  » 
correction  to  power  and  manifold  pressure  should  be  made. 

If  the  chart  power  data  is  not  reliable,  plot  (19)  vs  (l4). 
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DATA  REDUCTION  OUTLINE  (7.22) 

For  BHP/<r  ,  Vt,  V/ff  Plot;  Constant  W/<T  (Cx) 
and  Rotor  Rpo  Test  Data 

(This  is  a  continuation  of  Da**.  Reduction  Outline  7.21/ 

(24)  BKP/CT  (21)  x  (!3)2 

(25)  Plot  (24)  vs  (14) 

Note:  If  the  chart  power  data  is  not  reliable,  plot  vs  7^ 


DATA  REDUCTION  OUTLINE  (7.23) 

For  BHP-VF  (Wg/Wt)3/2,  Vc  Vw^V^  V^Wg/Wt  Plot} 
Constant  W /O'  (CT)  and  Jlotor  Rpa  Test  Data 


(This  is  a  continuation  of  Data  Reduction  Outline  7*21) 


(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 


W8  lbs 

Wa/Wt 

Vws/wt  , 

(Wg/Wt )3/2  -/2 

BriPV^  (Ws/Vft)  7 
.  Vc  VWa/Wt 
Plot  (28)  vs  (29) 

Note*  If  the  chart  power  data 
substituted  for  BHP-t* 


Selected  standard  weight 
Weight  ratio,  (24)  (22) 

^(25) 

(25)  x  (26) 

(21)  x  (27)  +  (13) 

(7)  x  (26) 


is  not  reliable,  MPt  *ay  be 


DATA  REDUCTION  OUTLINE  (7.24) 


For  Cp,  Cx#  H  Plot;  Constant  M/0  (Cx)  Fligbb  Test  Data 


(This  is  a  continuation  of  Data  Reduction  Outline  7.21) 


(24) 

(25) 

(26) 

(27) 


(28) 

(29) 

(30) 

(31) 


(32) 

(33) 

(34) 


D 

A 

Rotor  rpo 
Vb 

(Vb)2 

(Vb)3 

\J<r 

Cp 

Cx 

At 


ft  Rotor  disk  diameter 

ft^  Rotor  area 

ft/sec  Rotor  tip  speed,  0.0524  x  (24)  x  (26) 

(27)2 

(27)3 

(13)2  - 

Power  coefficient,  |^21)  x  (30)  x  231,30Q| 

Xhrust  coefficient,  g23)  x  421]  (J25)x(283 

Tip  speed  ratio,  (jlA)  x  1.69]  (27) 


Plot  (31)  vs  (33)  for  constant  Cx  values. 
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SECTION  7-3 


Rotor  Tfaruat,  Pover.  and  Efficiency  in  Hovering  Flight 

The  rotor  air  flow  analysis  la  similar  to  that  for  the  conventional 
propoller.  The  power  required  to  .hover  ie, 

P-TVr  (7.301) 

where : 

P  =  power  to  the  rotor 
T  =  thrust  of  the  rotor 

Vr  =  air  velocity  through  the  rotor  (induced  velocity) 

The  thrust  of  the  rotor  is, 

T  ~  ?Hr  Vd  (7.302) 

where: 


A  *s  rotor  area 

Vd  =  downstream  velocity  given  the  air  by  the  rotor 

By  using  the  actuator  disk  theory  in  which  Vr  =  £  Va,  the  thrust  of  the  rotor 

may  be  expressed  also  as, 

T  *  1/2  f*Td2 
Ikon  7.30B  and  7-303, 


(7-303) 

(7-304) 


Ft* on  7.304  and  7.301, 


P  = 


tV2 

(2?  A)* 


(7.305) 


The  above  equation  assumes  Ideal  inflow  through  the  rotor  disk  and  no  pover 
losses  for  oontrol  or  other  purposes. 


Squat  ion  7.305  is  used  to  define  the  rotor  efficiency,  (M),  or  "figure  of 
merit"  as  it  is  usually  called. 

M  ts  ^707  T5/2  ,  (7.306) 

550  BHP  (f  A)t 


where: 

.707  *  1/1*7  to  sake  equal  unity 
BHP  *  brake  borsepcsrer  to  tbs  rotor 
T  =  rotor  thrust  lm  hovering  flight 
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Or,  in  terms  of  density  ratio  and  weight,  where  the  thrust  equals  the  weight 
supported, 


M  = 


.0264  J’2 

BHP  (°"A)2 


(7. 307) 


The  figure  of  merit  ie  also  defined  hy  the  rotor  thrust  coefficient,  Ctp^and  the 
rotor  power  coefficient,  Cp. 


M  =  .707 


(7.308) 


where : 

CT  - 


CP  = 


w 


A  ?  V 

330  BHP 
A  f  V* 


=■  rotor  tip  speed  or  rpea 

As  wee  shown  in  the  previous  section,  the  figure  of  merit  is  a  function  of 
the  thrust  coefficient  and  should  be  plotted  as  shown  in  Figure  7«31> 


Figure  7.31 

Typical  Figure  of  Merit  *  Thrust  Coefficient  Plot 
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Bjuation  7,308  nay  be  uaed  to  show  graphically  the  figure  of  merit  as  in 
Figure  7*52, 


POWER  COEFFICIENT,  Cp 


Figure  7.32 

Typical  Figure  of  Merit  Comparison  in  Tenae 
of  Thruet  and  Power  Coefficients 


jThle  plot  presumes  a  constant  elope  of  M  vith  Op.  This  vlll  he  the  oaee 
If  the  Cf  range  Is  United.  The  sane  plot  le  shewn  In  dimensional  form 
for  a  particular  helloapter  and  a  constant  rotor  rpm  in  Figure  705*  Ihta 
In  this  plot  may  he  extrapolated  to  other  rotor  rpn  hy  the  equalities 
derived  fro*  equation  7.202, 


In  Figure  7.3^  Is  shewn  a  method  of  plotting  an  effective  figure  of 
merit  vs  an  effective  rotor  speed. 

from  Figure  7.3^  the  meet  efficient  combinations  of  rotor  speed  art 
weight  far  a  given  available  can  be  determined.  In  thie  manner 

the  hovering  oeillng  can  also  be  determined  for  a  particular  set  of 
conditions.  Without  gear  shifting  arrangements,  a  reduced  rotor  tip  speed 
results  In  a  reduced  power.  Thie  must  he  Included  if  data  are  extrapo¬ 
lated  to  lower  rotor  tip  speeds.  For  single  gear  ratio  helloopters  an 
increased  hovering  performance  (Increased  marl  mum  payload)  far  decreased 
rotor  epeed  ie  frvind  to  exist  only  at  very  lev  altitudes}  and  the  hovering 
celling  vlll  he  decreased  materially  at  reduced  rotor  rpn. 


AT®  6273 


7-13 


Where  maximum  pover  ia  available  In  hovering,  even  vhen  l-otor  speed  is  reduced 
by  gearing,  the  weight  limitations  for  any  altitude  and  the  hovering  ceiling  may  be 
determined  by  plotting  the  effective  figure  of  merit  va  the  effective  weight  ratio 
as  in  Figure  7«35»  In  ttaia  plot  the  dotted  lines  show  the  original  data  reduced  to 
constant  weights  and  density  altitudes. 


Vb V35 


Figure  7.35 

Typical  Effective  Figure  of  Merit  Plot  in  Terms 
of  Power,  Rotor  Speed,  Density  and  Weight 

When  the  helicopter  is  hovering  above  the  ground  at  a  height  equivalent  to 
about  one  rotor  diameter  a  positive  thrust  increment  is  developed  by  the  pressure 
field  between  the  ground  and  the  rotor.  Ibis  so  chlled  "ground  effect"  bae  a 
noticeable  Influence  on  the  take-off  performance  and  acts  eta  a  cushion  during 
landings.  The  ground  effect  aotually  increases  the  rotor  efficiency  relative  to 
the  rotor  efficiency  obtained  when  the  aircraft  is  out  of  the  ground  effect.  This 
relative  efflolenoy  increase  can  be  shown  by  either  of  the  plots  illustrated  in 
Figure  7.36. 

If  the  elope  of  the  rotor  efficiency  curve  is  nearly  zero  with  respect  to 
thrust  coefficient  or  effective  rotor  epeed,  the  ground  effect  hovering  may  be 
plotted  ae  in  Figure  7.37(e);  if  the  slope  is  other  than  nearly  zero  a  plot  such 
aa  7.27(b)  must  be  ueed. 


Determination  of  the  true  hovering  condition  is  not  easily  done  by  ubs  of 
present  air-speed  Indicators.  Rear  the  ground  a  good  reference  for  the  pilot  is 
the  ground  Itself,  but  the  teets  must  be  conducted  during  low  or  zero  wind  condi¬ 
tions.  At  altitude  or  in  appreciable  winds  the  hovering  condition  can  be  determined 
by  use  of  a  long  weighted  cord  attached  to  the  fuselage.  When  the  weighted  cord 
hangs  straight  down  from  the  helicopter,  the  aircraft  is  stationary  with  respect 
to  the  air  mass  in  vbloh  it  ie  flying.  The  weighted  cord  may  be  indexed  to  Indicate 
the  true  hovering  height  during  low  altitude  tests. 
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H  (Above  Ground)  FICURE  OF  MERIT 


X 


■■■PJIhbh 


Figure  7.36 

Method  of  Shoving  Ground  Effect  on  Hovering  Performance 


Constant  Rotor  Efficiency 
(Figure  of  Merit) 


R  -  One  Rotor  Diameter 


Variable  Rotor  Efficiency 
(Figure  of  Merit) 


-H  *  One  Rotor  Diameter  — 


tfr/l*\}/Z  (b) 

W 


Cp  or  BHP 


Figure  7.37 

Method  of  Shoving  Ground  Effect  on  Hovering  performance 
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( 1) 
(  2) 
(  3) 

i;i 


LATA  REDUCTION  OUTLINE  (7.31) 

For  EHP  TFi Wa/Wt)3/2  ve  Vfl/Aft  Plot,  and  M  vs 

Op  Plot;  Constant  or  Variable  Rotor  Rpm  Test  Data 


Test  Point  Number 

fi 

A  Hi0 

AHpc 
Ho 

NOTE: 


ft 

ft 

ft 

ft 


Indicated  pressure  altitude 
Altimeter  instrument  correction 
Altimeter  position  error 
True  pressure  altitude,  (2) +  (3) 


+  (4) 


If  a  tape  line  is  used  to  record  height  above  the  ground  for  low 
level  wort  it  may  be  used  with  the  ground  pressure  altitude  to 


(  6) 

h. 

*c 

Indicated  ambient  temperature 

(  7) 

At  i0 

*c 

Temperature  Instrument  correction 

(  8) 

St 

W 

•c 

Test  ambient  temperature,  (6) -f  (7) 

(  9) 

From  (8)  and  (5)  and  CHART  1-1 

cr 

From  (8)  and  (5)  and  CHART  1-1 

(11) 

(12) 

*ct 

•c 

Test  carburetor  temperature 

^as 

•c 

Standard  ambient  temperature,  from  (5) 
and  Table  9 . 2 

(13) 

(1*) 

i  Tas/Tot 

Engine  rpm 

iff  12)  2733  ♦  fill)  +  273j 

MPt 

"Hg 

Test  manifold  pressure 

(16) 

BHP0 

Chart  brake  horsepower,  from  (5)  and  (14) 
and  (13) 

(17) 

BHPt 

Test  brake  horsepower,  (16)  x  (13) 

(18) 

Wt  , 

lbs 

Test  aircraft  weight 

(IS) 

(Wt)5/2 

(18)5/2 

(20) 

w. 

^sAft 

lbs 

Standard  aircraft  weight 

(21) 

(20)  ♦  (10) 

(22) 

TSl  , 

(23) 

(24) 

(w„/wt)3/2 

Rotor  rpm 

(21)5/2 

(20) 

D 

Rotor  disk  diameter 

(26) 

A 

ft2 

Rotor  disk  area 

(27) 

VbP 

ft/seo 

Rotor  tip  speed,  0.0524  x  (24)  x  (25) 

(27  )2 

(28) 

(29) 

HHP-Tcr  (w-/wt)5/2 

(17)  x  (23)  +  (9) 

(30) 

(31) 

vbi<r  w8/wt 

Plot  (29)  vs  (30) 

[(27)  or  (240  x  (22)  ♦  (9) 

(32) 

M 

Figure  of  merit,  [0.0298  x  (9)  x  (19)3  +• 
[(17)  x  (25)] 

(33) 

Cj> 

Thrust  coefficient,  [421  x  (l8)J 
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Plot  (32)  (33) 

NOTE*  If  the  manifold  pressure -ambient  pressure  ratio  exceeds  1.4, 
a  correction  to  power  and  manifold  pressure  should  he  made. 

If  the  chart  power  data  1s  not  reliable, substitute  MP^  for 
BHP't  in  (29)  a»J  do  not  calculate  M  and  Cj. 


SECTION  7.1* 


ynd  Descents  (Autarotatlon) 

Two  types  of  climbs  must  be  evaluated  in  helioopter  performance;  the  vertioal 
climb  and  the  climb  at  the  forward  speed  for  beet  ollmb.  Only  one  type  of  descent 
Is  usually  evaluated.  That  is  the  autorotational  or  power-off  descent. 

ftie  speed  far  best  rate  of  climb  and  minimum  rate  of  descent  may  be  determined  I 
by  the  sawtooth  climb  procedures  used  for  conventional  aircraft.  In  making  cllrb 
tests  at  the  low  rates  of  climb  and  forward  speeds  associated  with  helicopters, 
special  care  must  be  taken  to  obtain  data  during  the  best  atmospherlo  conditions; 
that  is,  negligible  wind  and  turbulence  and  no  temperature  lnverrlons.  Since 
weight  corrections  to  ollmb  and  descent  data  oannot  be  accurately  determined  by 
mathematical  derivations,  it  Is  beet  to  take  phe  first  sawtooth  points  at  the 
desired  weight  and  art  the  best  climbing  speed  from  the  manufacturer's  data.  Saw¬ 
tooth  climb  and  descent  data  are  reduced  to  standard  conditions  by  the  procedures 
used  for  conventional  aircraft  and  are  presented  as  shown  In  Figure  7.^1. 


Figure  7. hi 

Typical  Sawtooth  Climb  and  Descent  (Autorotation)  Data 
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RATE  OF  C  LIMB  EVALUATION 


For  helicopters  the  -iver  available  in  level  flight  ie  constart  at  a 
particular  altitude.  Foi  Ohio  reason  it  is  not  necessary  to  conduct  sawtooth 
climbs.  At  the  level  flight  speed  for  minimum  power  required  the  maximum  ex¬ 
cess power  for  climb  is  available.  This  speed,  corresponding  to  minimum  Cp  and 
(Ws/wt)V2  in  Figures  7.32  and  7.34  respectively,  may  be  determined 
from  the  level  flight  sneed  -power  performance  for  any  values  of  Cj,  (W /<f), 
Vb'jcr  Ut / Wfl ,  or  'j  cr  Wa/Wt )  as  shown  in  these  figures. 


To  equation  7.301  may  be  added  another  variable,  the  vertical  velocity 
(Vv ) .  Using  the  new  equation  and  dimensional  analysis,  the  following  equations 
my  be  obtained: 


BHP 

A/>v 


{ 


W 


A  a  V,2 


BSP(Al  _  f 


(W) 


372 


P 


Y*J 

(7.401) 

(&)'• 

(7.402) 

The  value  of  the  forward -speed  parameter  for  best  rate  of  climb  Jn  both  of  these 
equations  may  bs  determined  by  inspection  of  the  level  flight  speed -power  data. 

If  it  1s  assumed  that,  for  a  particular  set  of  conditions,  the  rate  of  climb 
varies  nearly  linearly  with  the  power  available,  then  the  above  equations  may  be 
evaluated  graphically  for  all  climb  conditions  by  using  the  data  from  two  check 
climbs  at  best  climb  speed.  Equation  7„402  is  the  easier  of  the  tvo  to  vork  with 
In  this  respect  and  will  be  used  in  this  discussion. 

In  a  dimensional  fora  for  a  particular  aircraft  the  speed  parameter  is: 


During  a  check  climb  to  the  actual  altitude  the  take-off  value  of  W B/*Wt  vlll  not 
change  appreciably  and  the  beat  Vc -altitude  schedule  from  the  speed -power  data 
may  be  computed  at  a  constant  Wa/vt.  Two  check  climbs  at  best  forward  speed  are 
new  required.  These  climbs  may  be  accomplished  at  two  power  settings  for  constant 
Vwt  or  at  two  extreme  values  of  V0/wt  for  a  constant  power  setting.  Data  from 
tneee  check  climbs  are  not  reduced  to  standard  conditions.  Instead  the  calibra¬ 
tion-corrected  data  ore  plotted  as  in  Figure  7.42. 


AfTR  6273 


7-20 


Figure  Y,k2 

Method  of  Determining  Two  Climb  and  Power  Parameter 
Values  for  a  Constant  Effective  Weight  Ratio 

nils  plot  establishes  two  power -parameter  values  and  tvo  rate  of  olimb  parameter 
values  for  any  value  of  the  rotor  rpm  or  effective  weight  ratio  parameters. 

This  data  are  then  croosplotted  as  in  Figure  7.43  to  show  the  variation  of  the 
power  and  rate  of  climb  parameters  at  constant  rotor  rpn  or  effective  weight 
ratio  parameters.  From  this  plot  the  rate  of  climb  can  bo  determined  for  any 
weight,  altitude,  or  power  ccndltiane. 

The  vertical  climb  case  is  identical  to  that  described  for  the  climb  at 
best  speed.  Here  the  forward  speed  is  zero,  but  the  technique  of  determining 
rate  of  olimb  for  all  conditions  is  accomplished  as  described  above.  In  vertical 
climbs  the  primary  souroe  of  error  is  in  determining  and  maintaining  tero 
velocity  relative  to  the  air  mass.  This  problem  is  partially  solved  by  the  use 
of  a  long  weighted  cord  having  ehort  ribbons  attached  to  it.  Keeping  the  cord 
straight  and  the  ribbons  bangi*-  *  down  assists  in  approximating  zero  forward 
speed . 
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Figure  7.^3 

Method  of  Plotting  Rate  of  Clin*  Data  for  All  Values 
of  Power,  Altitude,  and  Weight  at  Best  Climb  Speed 


AUTOROTATIONAL  DESCENT  EVAUIATION 

Rotor  operetion  without  engine  power  is  referred  to  as  autorotation. 
Under  certain  conditions  the  helicopter  may  descend  and  land  safely  without 
engine  power.  Since,  during  autorotation,  the  air  flow  through  the  rotor 
is  opposite  to  the  flow  during  level  flight  power-on  conditions, there  la 
some  instability  and  loss  of  altitude  during  the  transition  to  autorotation 
and  a  minimum  rate  of  descent.  The  helicopter  performance  investigation 
should  determine  altitudes  and  speeds  at  which  autorotation  can  be  assumed 
to  result  In  a  safe  landing.  The  forward  speed  for  minimum  rate  of  descent 
and  the  effects  of  weight  and  altitude  cm  autorotation  should  also  be 
determined. 


Equation  7.^02  applies  to  the  av.tcrctative  descent.  In  this  case  the 
power  parameter  ie  zero  and  the  value  of  VT  is  negative.  The  dimensional 
parameters  are : 


(7.fc03> 


The  maximum  rotor  efficiency  in  level  flight  is  represented  by  the  minimum  value 
of  C„  or  BHP'f  Q"  for  level  fl.ght.  This  condition  represents  the 

least  power  required  relative  to  weight,  forward  velocity,  fuselage  drag,  and 
rotor  blade  drag.  In  autorotation  the  total  power  absorbed  by  the  helicopter  is; 
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■V7  w 

P  4*  P  -+•  y 

induced  rotor  drag  fuselage  drag 

minimum  at  -Vv  =:  minimum 

In  autorotatlon  the  blade  pitch  angle  is  email  and  the  angle  of  attack  is  large 
relative  to  level  flight  conditions.  It  may  he  assumed  from  drag  and  lift  coef¬ 
ficient  vs  angle  of  attack  data  that  pi*  ?rd>  and  are  nearly  proportional 
to  level  flight  values  at  the  sane  forward  speeds,  rotor  speeds,  and  weight. 

Thus  the  forward  speed  for  least  power  required  in  level  flight  is  the  speed 
for  leaet  power  absorbed  and  minimum  rate  of  descent  in  autarotation.  In  fact 
by  using  the  standard  rate  of  climb  equation  and  assuming  the  same  rotor 
efficiency: 

^  ~  *avail  “  ^req  level  flight 

lfWi  810 

-Vv  ft/min 


Equation  7*^04  will  give  a  cloee  approximation  of  autorotation  rate  of  descent 
at  any  forward  speed. 

An  autorotatlve  descent  at  best  forward  speed  determined  from  the  level 
flight  speed  power  performance  will  establish  the  minimum  rate  of  deooent  for 
all  conditions  of  weight,  rotor  speed,  and  altitude.  Since  the  weight  during 
descent  does  not  change,  the  heat  descent  speed  will  he  at  a  nearly  constant 
Vc  for  an  Initial  weight,  and  will  increase  slightly  if  the  descent  ia  started 
at  the  helicopter  celling. 

1  wt  1  wt 

A  desoent  should  he  conducted  at  a  V  higher  and  lower  than  the  aeeumed  beet 
V0  to  eetablleh  the  magnitude  of  variation  of  rate  of  deeuont  with  email 
variation  of  Yc.  Figure  7.AU  ehowe  a  typical  plot  of  data  for  equation  7»**03. 

POWER-OFF  LANDINGS 

With  power  on, a  safe  landing  may  usually  be  exeouted  vertically.  In  auto- 
rotatlon  a  minimum  rate  of  descent  is  in  the  middle  speed  range  of  the  airoraft 
and  the  safest  landings  involve  some  ground  roll  if  the  torrain  io  suitable. 

The  power-off  desoent  is  made  at  minimum  blade  pitch  to  provide  mini mum  blade 
drag  and  maximum  rotor  speed.  Within  a  rotor  diameter  of  the  ground  this  pitch 
angle  may  be  rapidly  increased  and  the  rate  of  deedent  lowered  coneiderably  for 
a  short  interval.  This  reduces  the  forward  speed  coneiderably  and  upon  touoh- 
dcwn  a  minimum  ground  roll  will  result. 


550  (60)  BHPleveI  fllght 
W 


(7.^) 


■'absorbed 

V  Vv  = 

pahsorbod  ~ 
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light  Data.  I 


ROTOR  SPEED  PARAMETER,  V\,  y<T- 5 
Figure  7*44 

Method  of  Plotting  Autorotation  Descent  Data 

A  safe  altitude  for  entering  Into  autorotation  may  be  defined  as  tho  height 
above  the  ground  at  vhloh  entry  Into  autorotation  -will  result  in  a  minimum  rate  of 
descent  at  a  height  of  one  rotor  diameter  above  the  ground.  This  safe  altitude  may 
be  plotted  as  a  funotion  of  the  forward  speed  at  which  entry  intq  autorotation  is 
started  as  in  Figure  7. 45.  Data  should  be  obtained  as  near  the  ground  as  possible 
without  actually  making  u  landing;  a  2000  ft  altitude  will  give  desirable  results 
If  continuous  engine  operation  Is  assured. 

Autorotative  landings  over  a  simulated  50  ft.  obstacle  should  be  conducted  at 
the  speed  for  minimum  rate  of  descent.  This  data  will  establish  the  approximate 
air  distance  and  ground  distance  required  for  safe  power-off  landings.  These 
landing  data  are  plotted  as  In  Figure  7.^.  Since  the  technique  of  making  this 
type  of  landing  is  not  always  consistent  and  the  distances  are  so  short,  it  Is  not 
feasible  to  apply  any  standardization  corrections. 
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height  ABOVE  GROUND,  H  „  ALTITUDE  AT  POWER  CUT-OFF,  II 


CALIBRATED  SPEED,  70 


figure  7. 45 

tothcd  at  Shoving  Safe  Height  fear  Entry  Into  Autorotation 


figure  7*^ 

Method  at  Shoving  Autcrotative  Landing  Tine 
end  Dlstanoe  Data 


A JIS  6273 


7*23 


SECTION  ?.5 


Fuel  Consumption, Endurance  and  Range 


Fuel  consumption, range,  and  endurance  data  for  hellcopter8  powered  by  recipro¬ 
cating  engines  are  handled  in  about  the  same  manner  as  for  conventional  aircraft. 
One  exception  to  the  theory  and  technique  of  Chapter  Four  ie  the  inclusion  of  the 
rotor  tip  speed  parameter  in  the  endurance  and  range  equations.  These  equations 
are  derived  from  equation  7-301,  eubstituting  specific  endurance,  SE,  for  BHP,  in 
one  case  and  specific  range,  SRg,  for  BHP,  in  the  other  case.  The  two  dimensional 
equations  that  result  are: 


where : 


«  fuel  flew  (lbs/hr) 

vtir  *  vc 


For  each  speed -power  calibration  a  plot  should  be  made  of  fuel  flow  versus 
brake  horsepower.  Tills  plot  is  valid  for  both  test  and  standard  conditions  at 
the  approximate  density  altitude  of  the  flight.  Sees  altitude  effects  are 
usually  noticeable  aa  shown  in  Figure  7.31*  It  is  essential  to  determine  fuel 
consumption, range  and  endurance  data  at  typical  flight  altitudes,  since  the  exact 
effects  of  altitude  on  these  variables  cannot  be  determined  by  extrapolation 
except  In  a  narrow  range  near  the  altitude  flown. 

ERNniAHCE 

The  forward  speed  for  maximum  endurance  Is  found  from  the  speed -power  cali¬ 
brations  at  the  point  where  Cp  or  BHP  "HF  (Wg/WtP'2  ie  a  minimum.  This  speed 
corresponds  to  minimum  power  required  for  the  rotor  parameter  conditions  existing. 
The  effects  of  weight,  altitude,  rotor  speed,  and  engine  speed  on  SE  may  be 
evaluated  at  thi  best  forward  speed  as  illustrated  in  Figure  7*52.  At  a  middle 
altitude  the  specific  endurance  parameter  is  determined  at  about  four  values  of 
the  rotor  speed  parameter  at  two  engine  rpm's  (if  reduced  rotor  rpo  ixtflcates 
reduced  power -required  on  speed -power  plots).  At  a  high  and  a  low  altitude  the 
specific  endurance  parameter  Is  found  for  only  two  extreme  values  of  the  rotor 
speed  parameter  and  a  curve  is  faired  between  them  corresponding  to  that  found 
for  the  complete  survey  at  the  middle  altitude. 


AJTB  6273 


7-26 


m 


Figure  7.51 

Typioel  Fuel  Flew -Power  Pr**entatlon 
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Although  endurance  data, as  such, is  not  usually  presented  in  the  airoraft 
performance  report,  the  requirement  nay  arise  for  presentation  of  endurance  at  all 
forward  speeds  as  veil  as  at  the  speed  for  maximum  endurance .  This  nay  be  accom¬ 
plished  by  shoving  the  endurance  parameters  at  three  typical  altitudes  for  high  and 
low  values  of  the  rotor  speed  parameters  as  in  Figure  7.53.  Endurance  during  the 
hovering  condition  should  he  separately  evaluated  if  each  data  is  required. 
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Figure  7.53 

Typical  &durance  Parameter  Bata  far  all  Forward  Speeds 


BAKE 

The  aarginnmi  range  for  helicopters  is  found  at  relatively  high  forward  speeds 
for  the  Ct  or  rotor  speed  parameter  Involved.  In  most  oases  some  altitude  effeots 
are  apparent  In  the  fuel  flew  vs  BHP  plot  and  equation  7.502  does  not  strictly 
apply.  If  the  fuel  flow -BHP  plots  are  identical  at  all  altitudes, equation  7.502 
nay  he  plotted  ae  indicated  in  Figure  7*5^.  One  of  the  rotor  speed  parameters 
should  he  flown  at  a  reduced  engine  rpo  to  establish  any  relative  improvement  in 
■peoifio  range  for  this  condition.  In  general,  for  a  given  gross  weight,  a  reduced 
engine  speed  resulting  in  a  reduced  power  and  forward  speed  does  not  result  in  any 
appreciable  increase  in  range. 

Altitude  is  usually  an  Important  factor  in  the  specific  range  equations.  Bata 
should  he  obtained  at  about  three  representative  altitudes  and  plotted  for  constant 
rotor  rpm  as  in  Figure  7.55. 
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Figure  7.3* 

Typical  Stage  Parameter  Seta  far  All  Forward  Speed e 
(Foal  Flow  -  SEP  Plcte  Identical  at  All  Altltndee) 

Two  poeelble  extreme  of  the  rotor  epaade  parameter  are  obtained  at  eaoh  of  the 
altltndee  to  peralt  extrapolation  far  thle  o and it loo.  If  deeirod  a  range  oo«- 
parleon  fear  rednoed  angina  epead  nay  ba  added  to  Figaro  7.55  ae  wee  done  in 
Figure. 7. 5*.  When  a  o  carpi#  t«  range  evaluation  In  parameter  fom  ie  not  oonaldered 
neoeeeary,  data  nay  ba  eiwply  preeentad  ae  epeolflo  range  ve  troa  epaad  aa  ebovn 
In.  Figure  7*36*  lata  for  thle  plot,  ae  for  other  type#  of  range  plote*  ehould  ba 
obtained  at  earl one  flight  altltndee. 
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,  Vf/Uf  (knots/lb) 


Vc 


VC 


Figure  7.55 

Typical  Range  Parameter  Data  for  All  Forward  Speeds 


Figure  7.56 

Topical  Specific  Range-True  Speed  Plot, 
One  Altitude,  Weight,  and  Botor  Rpm 


SECTION  7.6 

Air  Speed.  AlMm»t«r-  and  Temperature 
SfrBtem  Calibrations 

Separate  air “speed  Indicator  and  altimeter  calibrations  should  be  made  vlth 
heliooptere,  beoause  of  possible  errors  in  the  total  pressure  at  the  air-speed 
probe.  No  conversion  of  dV  to  dH  should  be  attempted  at  large  forward  speeds. 

At  low  speeds  the  total  effects  of  air-speed  error  (dV0=  ±  15  knots)  if  con¬ 
verted  to  altimeter  error  would  be  negligible.  A  pacer  aircraft  may  be  used  to 
determine  altimeter  and  air-speed  position  errors  at  high  speeds.  At  low  speeds 
a  take-off  time  and  distance  recording  camera  can  be  used.  These  calibration 
tests  should  always  be  flown  out  of  ground  effect.  Data  are  reduced  ae  described 
in  Chapter  One.  The  method  of  plotting  the  air-speed  position  error  ie  illus¬ 
trated  in  Figure  7.61.  Altimeter  position  error  is  plotted  in  the  oustcmary 
manner,  and  data  are  usually  obtained  out  of  ground  effect. 


CALIBRATED  SPEED,  Vc 


Figure  7.61 

Typical  Helicopter  Air-speed  Position  Correction  Plot 

Beoause  of  the  low  true  speeds  of  helloopters,  adiahatid  temperature  rise 
Is  negligible.  The  temperature  probe  should  be  carefully  shielded  from  engine 
exhaust  heat  and  solar  radiation. 
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NOMENCLATURE  CHART  11*1 


A 

Area 

ft2 

a8 

Jet  Nozzle  Area 

ft2 

A? 

Aspect  Ratio,  b2/S,  b/c 

a 

Velocity  of  Sound,  V  rgRT 

38.944  Khote 

ao 

Velocity  of  Sound  (9ea  Level  Standard) 

761.06  mph 

660.9  knots 

1116  ft /sec 

BHP 

Brake  Harsepover 

550  ft -lbs/seo 

BHP 

a  s 

Brake  Horsepower  (Available  Standard) 

550  ft -lbs/seo 

B^at 

Brake  Harsepover  (Available  Test) 

550  ft -lbs/seo 

BHPC 

Brake  Horsepower  (Chart) 

550  ft -lbe/eeo 

bhph 

Brake  Horsepower  (Standard) 

350  ft -lbs/seo 

BHPt 

Brake  Horsepower  (Test) 

550  ft -lbe/eeo 

B®to. 

Brake  Horsepower  (TVs St  at  Standard  Bay 

Carburetor  Temperature) 

550  ft-lbs/eec 

Bare 

Brake  Specific  Fuel  Consuaptlan 

lbs/bhp-hr 

0 

Wing  Chord 

ft 

•c 

Degrees  Centigrade 

CD 

Drag  Coefficient,  Ctj  =  - - 2 L_  s 

fi_  -  294.6D 

7^8  .7  P.tfti 

4®  V#^( toots )8 

°D1 

Indiio«6  Jkv,  Coefficient ,  Cl 

rr/Pe 

°* 

Profile  Brag  Coefficient,  Cp  *  Cj^ 

- 

°L 

Lift  Coefficient.  Cy  «  _ 2H _  V 

-  V  -  294.6W 

ysV2  8  *7  Pa^8 

48  Ve2( toots)® 

CAT 

Carburetor  Air  Teaperat  ure 

•C  or  *F 
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CHART  II' 

-1  ROMERCIATURZ 

D 

Aerodynamic  Drag 

lbs 

d%> 

Altimeter  Position  Error,  Hl0  -  HQ 

ft 

dHpo 

Altimeter  Poeltion  Error  Correct  ion,  Hc  - 

ft 

dMp 

Mech  Meter  Poeltion  Error,  M^e  -  M 

dMpc 

Mach  Meter  Poeltion  Error  Correction,  K  -  M^0 

dPP 

Static  Pres euro  Position  Error,  Pfl  -  Pa 

*Hg 

dPpo 

Static  Pressure  Position  Correction,  Pa  -  P8 

"Hg 

dVP 

Air-speed  Meter  Position  Error,  Vlc  -  Vc 

knots 

dVpo 

Air-speed  Meter  Position  Error  Correction, 

▼c  '  vi0 

knots 

dH 

Pressure  Altitude  Increment 

ft 

dh 

Tape line  Altitude  Increment 

ft 

(dHo/dt) 

Rate  of  Climb  (Altimeter} 

ft/mln 

(dH/dV) 

Altimeter -Air -speed  Position  Error  Correction 

Ratio 

ft/knot 

(dM/dH) 

(dM/dV) 

Maoh  Number -Altimeter  Position  Error  Correction 
Ratio 

Maoh  Number-Air-speed  Position  Error  Correction 
Ratio 

l/ft 

l/knot 

(dV/dh) 

Vert  leal  Wind  Gradient 

knots/1000  ft 

(dYg/dHc)  Air -speed -Alt ltude  Chang*  Ratio  Daring  Climb 

knote/lOOO  ft 

(dh/dt) 

Rate  of  Climb  (Tape line ) 

ft  /min 

(dh/dt)a 

Rate  of  Climb  (Tape line,  Acoelaratlz^  Climb  Speed } 

ft/mln 

(dqc/dV0)  Impact  Pressure -Calibrated  Speed  Chang*  Ratio 

"Hg/knot 

Z 

Total  Energy 

foot -lbs 

KBP 

Exhaust  Book  Pressure 

"Hg 

KB?! 

Exhaust  Back  Pressure  (Indicated) 

"Hg 
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CHART  XI -1 

IBP, 

Srhauart  Book  Treasure  (Standard) 

"Bg 

BHPt 

Exhaust  Baok  Pressure  (Test) 

Is 

e 

Partial  Pressure  of  Water  Vapor 

"He 

« 

2 

Airplane  Efficiency  Faotor,  CL 

Cjh  rr^f 

- 

F 

Tor 09  or  Throat 

lbs 

t 

•F 

Degrees  Fahrenheit 

*e 

Entrance  Hcawntun  per  Seeand 

lba 

*eff 

Thrust  (Effective) 

lba 

*Offa 

Thrust  (Effect Its  Standard) 

lba 

refft 

Thrust  (Effective  That) 

lbs 

Te 

Thrust  (Cross) 

lbs 

*n 

Thrust  (let) 

lbs 

rm 

Thrust  (Bet  Available) 

lbs 

rj» 

Thrust  (Bat  Eneas) 

lbs 

Far 

Thrust  (Bet  Required) 

lba 

- 

*P 

Thrust  (Pressure) 

lbs 

Thrust  (Valeo it j) 

lba 

8 

Acceleration  of  Gravity 

52.17V  ft/eeo2  ! 

1 

Ho 

Treasure  Altitude  (True),  %0  +  AHpo 

ft 

I 

1 

1 

1 

% 

Treasure  Altitude  (indicated ) 

ft 

%c 

Pressure  Altitude  (Indicated  Xnstruaent 
Corrected),  %  +  AHi0 

ft 

A  Bio 

Altiaeter  Inst ruse nt  Correotloo  far 

ft 

&EX 

las  Correction  to  Altlaeter 

ft 
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cust  n-i 


HOMSPCIATCHB 


4BP0 

•^0 

"Hg 

h 


Position  Srrar  Correction  to  Altimeter 
Inches  of  Water 
Inches  of  Mercury 
"Dupe line  Altitude 


ft 


ft 


IAS  Indicated  Air  ipeed  knots  or  njt 

in  Inohes 


I  Total  Temperature  Recovery  Factor 

*K  Degrees  Kelvin 

Jet  locale  Qas  Flow  Calibration  Factor 
Sg  = 

vg  the  or. 

KMh  Kilometers  per  hour 

Jet  locale  (hroee  Thrust  Calibration  Factor 

*t  tss  yg  actual 
rg  the or. 

k  Any  Constant 


l  Lift  Faroe  lbs 

L  Length  ft 

lb  Found 


M  Meoh  Itm&er  (Free  Stream),  7/a 


M  Meter 


*lt 

"i 

*io 


Maoh  lubber  at  Altitude  for  Scan  T.,  B*latlve  to 
Mach  lubber  at  Sea  Level  for  Sane  70 

Maoh  lumber  (Indicated ) 

Maoh  limber  (indicated  Instrument  Corrected,  Mi  ♦  AX^0, 
or  Maoh  lubber  Computed  from  Yio  Md  Klb) 
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afb  (am 


*  I  3  9 


KMREA1QRK  GUST  XX-1 

Meta  Mir  Instws at  Comotloc  for  % 

Naota  Met or  Position  Error  Ccrreotioe,  M  - 
Naota  Easter  at  8m  Level  for  Sosa  T0 
Mmb  Aerodynamo  Chord 
Mlsatss 


HP  Manifold  Proeoure  "Eg 

MP  Pwaporaturo  Correoted  Manifold  Pressure  "Eg 

AMP*  Muxlfold  Proeoure  Correction  for  Air  Only  8t«aa  "Eg 

AMPf  Manifold  Proeoure  Correction  for  Pool -Air  Mixture  "Eg 

Stag* 

MPa  Manifold  Pr»e««r»  (Standard)  "Eg 

MPt  Manifold  Pnassuro  (Vast)  •gj 

V  BacH»  »W  m 

■jg  Mglaa  SPK  Corrected  for  Dw^ri nt  Errcr  rja 

Ep  Mglno  BUI  Beeulred  rpa 

■nr  ■>/5r7(Wt/,r«)*  rpa 

X*  Might  Corrected  EM  '  rpa 


Power  ft-ltas/tlae 

Afcaospherlo  ftfuara  at  Freeeuve  Altitude  "Eg 


Btatlo  Preesure  Bourne  Position  Error  "Eg 

Hast  Carburetor  Seek  Prssswo  "Eg 

Pressure  Inst  nwant  Cerrsotlon  "Eg 

Stotlo  Presssrt  (At  s  Point  la  a  gjuten)  "Eg 

Btatlo  Pressure  (At  a  Point  In  a  gystea  Pol?  aria*  "Eg 

Xarnal  Shook  Mara,  or  Bader  lag  Coed  it  1  oca) 

Btatlo  Pressure  (Ini looted)  ■Eg 
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oust  n-i 

XXOBOXAICBB 

Vl 

Ataoepbsric  Pro  wire  (Baa  Intel  Standard) 

29.9212  *Hg 

Total  Plor  hotrre 

"Bg 

n 

Total  Hot  Pro —era 

"Hg 

Pt2 

Total  Fl«r  Pressure  (jet  Bogins  Ccapresaar  Inlet ) 

"Eg 

Pti 

Total  Floe  Pressure  (indicated ) 

"Hg 

Pt j  «  pt0 

Total  Pl<«  Pressure  (jet  Bottle) 

*Hg 

P4 

Pa/PSL 

<Vpi). 

Carburetor  Deok-Aaiblent  Pressure  Batlo 

<V*l>f 

Manifold  Pressure  -Carburetor  Back  Pressure  Ratio 
(far  Fool -Air  Mixture) 

Pound*  per  Square  foot 

Ptll 

Pounds  per  Square  Inch 

mr 

BSP  VcT /(Wt/tf,)5/2 

ft-lta/tiaa 

1 

fynaalo  Pressure,  q  *  PI2  *  .7  PJ^ 

lb/ft2 

% 

4a 

lajaot  or  Differential  Pressure,  Pt  -  Pa 

"Bg 

< 

Differential  Pressure 

Hg 

\ic 

Differential  Pressure  Corresponding  to  Vl0,  Ft  *  P9 

"Hg 

B 

Qua  Constant 

96.0b  ft/*B 

53.555  ft/*B 

B 

Viscous  naqplag,  52 ^  i/l^A 

lbs-seo/ft? 

•B 

Degrees  Banklne 

Bg 

nautical  air  alias 
or  statute  air  alias 

B# 

Bsj&olda  Mad  an-,  Tl/y* 

B/C 

Bate  of  Gllab  (Standard  Iter  Speed,  Test  Poser  an0 

Height),  (dBg/dt)  VTet/sV* 

ft /sin 

8-40 
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(B/C), 

Bats  of  Cllab  (Standard)  R/c  +  AR/Ca  t-  t 

AR/C1 

Rats  of  Cliab  (Teat),  (d^/dt)  (Tftt/TM) 

t\J  oUu 

(B/C)t 

tx/mla 

(B/D) 

Rats  of  Dssosnt 

f  t/iiJ  i. 

S 

Wing  Area 

ft* 

s 

Thke-off  (Around  Roll  Dlstanoe 

ft 

8/ 

Take -off  Air  instance  to  50'  Obstacle 

ft 

land  lag  Chround  Roll  Dlstanes 

ft 

£ 

Landing  Alt*  Distance  from  50'  Obstacle 

ft 

8/. 

landing  (Around  Roll  Distance  (Standard,  Zero  Wind) 

ft 

V® 

K  * 

m 

landing  Air  Distance  from  50'  Obstacle  (Standard, 
Zero  Wind ) 

ft 

Landing  (around  Roll  Distance  (Tbst,  Zero  Wind) 

ft 

«it 

landing  Air  Distance  frcn  50'  Obstacle  (Test, 

Zero  Wind) 

ft 

8ztw 

landing  (Around  Boll  Distance  (Test,  vlth  Wind 
Ccaponsnt) 

ft 

®Ztw 

Landing  Air  DLstanos  froa  50'  Obstacle  (Test, 
with  Wind  Component) 

ft 

* 

ThJos-off  (Around  Roll  Distance  (Standard,  Zero 

Wind) 

ft 

a; 

Thke-off  Air  Distance  to  50'  Obstacle  (Standard, 
Zero  Wind) 

ft 

Take-off  Ground  Roll  Distance  (Test,  Zero  Wind) 

ft 

Take-off  Air  Distance  to  50'  Obstacle  (Test, 

Zsro  Wind) 

ft 

Sfcw 

Thhe -off  (Around  Roll  Distance  (Test,  with  Wind 
Caapcnent ) 

ft 

S^r 

Take-off  Air  Distance  to  50*  Obstacle  (Test,  with 
Wind  Component) 

ft 

SC 

Speoifio  ftiduranoe 

hrs/lb 
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NOMENCLATURE 


Seo  Seconds 

Sp  g  Specific  Ckavity 


SRg 

Specific  Range 

nautical  air 
miles/lb  or 
statute  air 
mi lee/lb 

T 

Temperature 

•K  or  *R 

Ta 

Atmospheric  Temperature 

•K  or  *R 

^as 

Atmospheric  Temperature  (Standard) 

•K  or  -R 

Tat 

Atmospheric  Temperature  (Test) 

•E  or  *R 

Tcc 

Chart  Carburetor  Air  Temperature  for  Pressure 
Altitude 

•K  or  «R 

*^C0 

Standard  Day  Carburetor  Air  Temperature, 

*as  *  Tat  +  Tot 

•K  or  *R 

Tct 

Test  Day  Carburetor  Air  Temperature 

•E  or  *R 

*1 

Temperature  (Indicated) 

•I  or  *R 

Tic 

Temperature  (Indicated  Instrument  Corrected) 

•E  car  «R 

Tlj  ®  Tl8 

Temperature  (Indicated  Jet  Nozzle) 

•E  or  #R 

T8 

Temperature  (Static) 

•E  car  *R 

Ta' 

Temperature  (Statio,  Following  Normal  Shock  Wave) 

•E  or  *R 

tsl 

Temperature  (Standard  Sea  Level) 

15*C 

288*1 

59*F 

5l8.4*R 

Tt 

Temperature  (Total  Flow) 

•E  car  *R 

Tfc2 

Temperature  (Total  Flow  at  Compressor  Inlet) 

•E  car  *R 

Tt5 

Temperature  (Total  Exhaust  Gas  Temperature  at 
Turbine  Outlet) 

•E  or  *R 

Te 

VTsi 

IAS 

True  Air  Speed 

knots  car  mph 

CHART  II -1 
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HOMERCIATORB 


AVp0  Air-speed  Position  Error  Correction 

Vta  Landing  Velocity 

VSL  Sea  Level  Standard  Vt  for  Some  VQ 

Vt  Air  Speed  (True) 

V^  Plow  True  Speed  Following  Kernel  Shock  Wave 

Vto  Take-off  Velocity 

vtos  Take-off  Velocity  (Standard) 

Vtot  Take-off  Velocity  (Test) 

Vt.  True  Speed  (Standard) 

Vtt  True  Speed  (Test) 

Vw  Wind  Component  Along  Runway,  Eeadvlnd  (4-), 

Tailvlnd  (— ) 

VIW  Speed  Parameter,  V  y^~/(Wt/W0)i 


knots  or  mph 
knot  t  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 
knots  or  mph 

knots  or  mph 


V  Cross  Weight  lbs 

AW  Weight  Increment,  V,  -  Vt  lbs 

V.  Air  Plow  lbs/seo 

Vf  Fuel  Plow  lbs/hr 

Wg  Gas  Plow  lbs/seo 

Vgx,  Specific  Weight  of  Air  (Sea  Level  Standard)  O.0765  lbs/ft^ 

W  Cross  Weight  (Standard)  lbs 

Wt  Gross  Weight  (Test)  lbs 


9*  Ratio  of  Specific  Beat  (  S'  =  l.k  for  Air) 

&  a  ^a^SL 

i  2  P».p/Pgr. 
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THP 

Thrust  Horsepower,  BHP  z  Jjpp 

550  ft-lbe/seo 

(TBP) 

9 

Thrust  Hosepcwer  (Standard ) 

550  ft-lbe/seo 

(THP) 

Thrust  Horsepower  (Test) 

550  ft-lbe/seo 

(THP)as 

Thrust  Horsepower  (Available  Standard) 

550  ft-lbe/eec 

(THP)at 

Thrust  Horsepower  (Available  Test) 

550  ft -lbs/sec 

t 

Tine 

t 

Temperature 

•C  or  *F 

Atmospheric  Temperature 

•C  or  #F 

*as 

Atmospheric  Temperature  (Standard) 

•C  or  •  F 

tat 

Atmospheric  Temperature  (Test) 

•C  or  •? 

*e 

Time  Elapsed 

ti 

Temperature  ( Ind icated ) 

•C  or  *F 

tio 

Temperature  (Indioated  Instrument  Corrected) 

•C  or  »F 

Atio 

Temperature  ( Instrument  Correction) 

•C  or  *F 

At 

Compression  Temperature  Rise 

•C  or  *F 

*• 

Temperature  (Static) 

•C  or  »F 

t. 

Time  of  Start 

tt 

Temperature  (Total  Flow) 

•C  or  *F 

V 

Velocity  usually 

ft/eeo 

vo 

Air  8peed  (Calibrated )fVlo  &vp0 

knots  or  mph 

Ve 

Air  Speed  (Equivalent) 

knots  or  mph 

▼i 

Air  Speed  (Indioated) 

knots  cr  mph 

vic 

Air  Speed  (Indioated  Instrument  Corrected), 

V1  +  *Vic 

knots  or  mph 

*vio 

Instrument  Correction  for 

knots  or  mph 

Avl0Je 

Indicated  Air-speed  Correction  for  Lag  Condition 

knots  or  mph 

APTR-6275 
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% 

Ran  Efficiency 

%T 

Duct  San  Efficiency  (Total,  Through  Normal  Shook 
Wave  and  Duot) 

Propeller  Efficiency 

0 

Aircraft  Climb  Angle 

»a 

VTSL 

lag  Constant 

esc 

Lag  Constant  (Altimeter) 

sec 

*hSL 

Lag  Constant  (Altimeter,  Sea  Level) 

see 

At 

Lag  Constant  (Total  Pressure) 

sec 

AtSL 

Lag  Constant  (Total  Pressure,  Sea  Level) 

eec 

r 

Coeffioiency  of  Viscosity 

lb-ieo/ft2 

*«*  J*SL 

Coefficient  of  Viscosity 
(Standard  Sea  Level) 

3.725  X  10 '7 

lb -sec /ft2 

r 

Haematic  Vieeoelty,  f  f 

ft2/ seo 

Kinematic  Viscosity  (Sea  Level  Standard) 

1.5665  x  10  ■* 
ft2/seo 

tr 

Pi 

3-IU6 

f 

Air  Density 

slugs/ft3 

A™  fsL 

Air  Density  (Sea  Level  Standard) 

0.002378  slugs/ft3 

O' 

Air  Density  Ratio,  J*  / 

7*. 

Duot  Ram  Efficiency 

ATER-62T5 
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ABSOLUTE  UNITS 

GRAVITATIONAL  UNITS 

Name  of  Unit 

British 

FPS  System 

Metrlo 

CCS  System 

British 

Metric 

Physical 

MET  System 

Length 

1  ft. 

1  CO 

1  ft. 

1  M 

L 

Time 

1  sec 

1  seo 

1  seo 

1  sec 

T 

Force 

1  poundal 

1  dyne 

1  lb 

1  Kg 

MLT-2 

Area 

1ft2 

1  cm2 

1  ft2 

1  1^ 

L2 

Volume 

1  ft* 

1  cup 

1  ft5 

1  M5 

t.5 

Velocity 

1  ft/sec 

1  cm/eec 

1  ft /sec 

1  M/sec 

LT*1 

Acceleration 

1  ft/sec2 

1  cm/eec 

1  ft /sec2 

1  M/sec2 

-2 

LT 

HH 

1  «rg 

1  ft -lb 

1  Kg-M 

2  -2 

ML  T 

Pro 3 sure 

1  pdl/ft2 

1  dyne /cm2 

1  lb/ft2 

* 

a 

H 

*1  -2 

ML  T  * 

Momentum 

1  pdl-sea 

l  dyne -sec 

1  lb -seo 

1  Kg -sec 

on 

Power 

1  ^ 

1  erg/seo 

1  ft -lb 
per  seo 

1  Kg-M 
per  seo 

r^Hjj 

Mass 

1  lb 

1  OCR 

1  slug 

1  slug 

M 

Temperature 

1  °R 

1  °* 

1  °B 

1  °K 

l2t~^ 
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Multiply 
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Pound  (a~»olr) 


Multiply 


it  - 1 


Fore**  (MLT-2) 

Pressure  or  Force  per  Unit  Area 


cinpunc.j 


spunoi 


Kvtf  o  I 
CO  O  rt  o 

IAH  4  H 


aooj; 

a  rnnbs  uad  Bpuno<{ 


qoui 

o.rentj  .lad  Bpunod 


O.SI 

an  JO  opqoul 


o«o  as 

Amo.z^  jo  aeqoui 


3*0  ae  iI«tnoj8w 
jo  outuawniaueo 


s  sraeqdeooav 


♦Conversion  factors  'between  abaolute  and  gravitational  unite  apply 
only  under  atandard  acceleration  due  to  gravity  conditional 
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Poundale  I  x  10"5 


jnoq 


Linear  Velocity  (LT~M 


\C  VO$*  »-4 

tr\  O  QJ 

•  O  *-(  VD 

^  hh  o 


CHART  Il~3 


co^ 

aed  aae^«nvieo  «  *h 

H 


g(atom) 


(jooh  i«d  ■®ITW) 


jnoq  jed  eetTH  ^ 

« 

H 


•Vat*  oed  «*IW  g 


D 
BB 

BIBBBBBBBB 

Dprittii 

pBhlBM 

PBBBIBB 
IflBBIBlfll 


*  5^  s 

•  r-l  O 

H  H 

O  •  • 

H  H  N  H 


e^rarpa  asd  %»*£ 


r(pooo*4i  Md  *M£) 


noooM  jad 


fi 

* 

4 

Arm  6273 
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Multiply 


CHART  II-3  Am  6273 
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U* 


CHART  II-3 

Angular  Velocity  (T-1)  and  Angular  Acceleration  (T"®) 
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Multiply 


CHART  I 1-3 


Baergy,  Work  an3  Heat  (ML2'i'~®) 


CHARS  IW 


Am 


Power  or  Rate  of  Doin«  Work  (ML2T'3)  CHART  II-3 
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